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ABBREVIATIONS USED IN THE TEXT 
Ô-ALA 6-aminolevulinic acid 
PEG porphobilinogen 
uro uroporphine 
urogen uroporphyrinogen 
copro coproporphine 
coprogen coproporphyrinogen 
proto protoporphine 
protogen protoporphyrinogen 
heraato hematoporphine 
meso mesoporphine 
V vinyl 
H hydro 
(j> pheoporphine 
(()fbd pheophorbide 
<j)ftn pheophytin 
chlide chlorophyllide 
chl chlorophyll 
Pchl protochlorophyll 
Bchl bacteriochlorophyll 
Cchl chlorobium chlorophyll 
A acetate 
P propionate 
E ester 
M methyl 
D di- (e.g. dimethyl esterEEME) 
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INTRODUCTION 
The study of the biosynthetic pathways to chlorophylls a and b has 
been hindered by the lack of knowledge of the sequence of steps between 
* 
Mg-proto IX-65 ME and Mg-V(j)a5 (Pchlide a), in the chl a pathway which is 
shown schematically in Figure 1. Elucidation of this sequence would 
probably define the pathways to other chlorophylls as it is known that the 
Bchl (1, 2, 3, 4) and Cchls (5) have intermediates which are identical to 
those of chlorophyll a and have essentially the same phorbin structure as 
chl a (see Appendix A). Therefore, it is likely that these biosynthetic 
pathways are equivalent, at least as far as the Vtjxais step. 
Granick (6) proposed in 1948 that the 62- propionate -65 ME side-chain 
of Mg-proto IX-65 ME underwent a 3-oxidation to yield a 63-keto derivative 
which would condense to the Y~roethine to form the isocyclic (cyclopentanone) 
ring of Mg-V<|)a5, as shown in Figure 2. The reduction of positions 43 and 
44 could occur prior to, or following, this sequence. However, because of 
the methods available during the 1950's and early 1960's (mainly visible 
spectrophotometry) these proposed intermediates were not observed (7, 8, 9, 
10, 11). This was not completely unexpected as the compounds proposed by 
Granick could have absorption spectra which would not readily be recognized, 
as, since these structures had not been previously investigated, there were 
no bases for the identification of these intermediates by visible 
spectrophotometry. 
Nomenclature, abbreviations, and numbering systems of porphyrins are 
given in Appendix A. 
Figure 1. Biosynthetic route to chlorophyll a as suggested by Granick 
and colleagues 
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Figure 2. Granick's inferred .lequenoe for isocyclic rin.^ formation 
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Jones (3) provided what appeared to be the answer to the question as 
to where reduction of the 43,44 positions occurred when he isolated and 
identified Mg-dV^^s. This compound accumulating in the growth medium of 
the Rhodopseudomonas spheroides "tan mutant"containing 8-hydroxy quinoline, 
suggested that the series of reactions forming the isocyclic ring occurred 
prior to the reductive step. Jones and others (1-4) had previously related 
the biogenesis of chl a to that of Bchl by isolating other compounds from 
R. spheroides mutants which were identical to known precursors between 
proto IX and chlide a in chl a biogenesis. Since the formation of the 
pheoporphine precedes that of the dihydroporphlne (i.e. chlide a) in the 
chl a pathway, Jones suggested the Mg-DVcjKZs was also a chl a precursor. 
It should be noted that the Mg chelate has not been proved as an 
obligatory substrate in this sequence, but has been inferred as such from 
mutant and tracer studies (see "Literature Review" section). 
This present Investigation extended the technique employed by Granick, 
namely the induction of CKlovella mutants in which chl a formation is 
blocked resulting in accumulation of chl a precursors, and utilizes 
improved chromatographic and identification procedures (particularly mass 
spectrometry) to Isolated and identify the porphyrins accumulated by the 
mutants. Once these Intermediates were identified, the isolation of 
submutants and identification of their accumulated porphyrins served as a 
verification of the sequence of these proposed intermediates in the 
pathway. 
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REVIEW OF LITERATURE 
Introduction 
The biogenesis of chl a has been studied Intensely since the 
elucidation of the pathway to heme, and the finding that proto IX was 
accumulated by a Chloretla mutant (7) in which chl a biogenesis was 
blocked, which inferred a common pathway to heme (i.e. proto IX) and chl a. 
The pathway to chl a postulated at this stage is shown schematically above 
in Figure 1. The discussion of the chl a pathway to proto IX will be 
primarily that of heme biosynthesis in animals, and the analogous steps 
observed in plants and photosynthetic bacteria will be pointed out. 
The later steps to chl a will be discussed from results observed through 
investigations with green plants and photosynthetic bacteria. 
The knowledge of the fine structure of chl a not only aids in the 
understanding of the manner of its insertion (e.g. the manner in which it 
aggregates or forms other complexes) in vVoo^ but also aids in the 
appreciation of its biosynthesis. The determination of the absolute 
configuration of chl a is complete with the latest work reported by 
Fleming (12) and the results are shown in Figure 3 Further, it has been 
* 
suggested by Daniels and Aronoff from Optical rotatory dispersion studies 
on pumpkin inner-seed coat Pchl a and derivatives that the Mg lies in the 
plane of the porphlne ring. 
Daniels, J. D. and Aronoff, S., Department of Biochemistry and 
Biophysics, Iowa State University of Science and Technology, Optical 
rotatory dispersion in protochlorophyll. Private communication. 1968. 
Figure 3. The absolute configuration of chlorophyll a 
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The Steps to Protoporphine IX 
When Shemin and Wittenberg (13) degraded proto IX obtained from avian 
red cells fed carboxyl or methyl labelled-acetate, the (carbon-by-carbon) 
labelling pattern indicated that all four pyrrole rings of proto IX were 
derived from a common pyrrole having one acetic and one propionate side-
chain. Shemin and Kumin showed that acetate entered the pathway as 
succinate (14). Other tracer experiments (15, 16) demonstrated that the 
nitrogen atoms of all four pyrrole rings were derived from glycine. 
Shemin and Russel (17) proposed that succinate and glycine condensed 
to form a-amino-g-keto-adipic acid, which lost COg (initially from glycine) 
yielding ô-ALA. ^"^C-ALA was synthesized and shown to supply all the carbon 
and nitrogen atoms needed to synthesize proto IX with the avian red cell 
system mentioned above. Neuberger and Scott (18) confirmed these 
experiments. Wickliff (19) later showed that ^*C-labelled Ô-ALA was 
incorporated into chl a demonstrating the relatedness of the two pathways 
(i.e. heme + chl a) to the proto IX step in biosynthesis. 
Nearly all the remaining steps to proto IX (shown in Figure 1) have 
been shown through results of enzymatic studies. 
The enzyme ALA synthetase (a pyridoxal phosphate-dependent enzyme) 
condenses succinyl CoA and glycine to form ô-ALA, eliminating COz. The 
proposed intermediate (a-amino-3-keto-adiplc acid) has not been isolated, 
but kinetics indicate that the half-time for existence of the carboxylated 
intermediate would be less than one minute (20). The enzyme has been most 
highly purified from the photosynthetic bacterium Rhodopeeudomonas 
sphevoides (21), and has not been demonstrated in plants. Interestingly, 
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however, an ALA transaminase activity has been measured in Chlovetta (22), 
and isolated from both animals (23, 24) and photosynthetic bacteria (25) 
by which a-keto glutaraldehyde is reversibly transaminated. In animals 
the equilibrium favors deamination of 6-ALA, whereas in photosynthetic 
bacteria, amination to 5-ALA is favored. It may appear from available 
information that the enzyme is responsible for 6-ALA breakdown in animals 
and for its synthesis in plants and photosynthetic bacteria (perhaps as 
an additional source of 6-ALA). The demonstration of heme biogenesis by 
isolated chloroplasts (26) infers the presence of ALA synthetase in the 
chloroplast although It has not been demonstrated. 
It has been shown that PEG formation is a result of enzymatic 
condensation of two molecules of 6-ALA with the elimination of two 
equivalents of water. The enzyme ALA dehydrase has been most highly 
purified from ox liver (27) and Isolated from a variety of species (28, 
29, 30, 31) including the photosynthetic bacterium R, spheroides (32). 
Although the enzyme has not been isolated from plants, its presence has 
been demonstrated in a number of plant species (27, 28, 33, 34, 35). The 
enzyme generally requires a sulfhydryl compound (as glutathione or cysteine). 
In addition, the i?. spheroides preparation requires . 
Porphobilinogen was shown to be the singular pyrrole precursor of 
porphyrins when it was added to broken-cell preparations of ChZovetta (36) 
which produced several porphyrins. The mechanism of condensation of four 
molecules of PBG to form the tetrapyrrole nucleus is not known. The 
product of the condensation in vivo or in vitro is only two of four 
possible isomers of urogen, the proto IX precursor. Only one enzyme. 
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urogen I synthetase, is necessary for urogen I synthesis; whereas 
urogen III formation requires, in addition to urogen I synthetase, 
urogen III cosynthetase, a heat unstable component (36). Urogen I 
synthetase is obtained partially purified from spinach (37, 38) and 
R. spheroi-des (39, 40), urogen III cosynthetase from wheat germ (41, 42) 
and its presence has been established in a variety of plant and animal 
species (30, 36, 39, 43, 44). 
Many mechanisms have been proposed for urogen I and urogen III 
formation and those amenable to testing have been disproven. Russell (45) 
has reviewed these matters recently and attempted to provide a workable 
mechanism for urogen III formation. Along these same lines, but earlier, 
Corwin and Mathewson (46) proposed a logical mechanism in which a common 
intermediate is thought to be formed by sequential condensations of four 
PBG molecules (Figure 4). A competitive cleavage of the single intermediate 
by the two enzymes and another bond forming step may perhaps be the 
mechanism of urogen I and urogen III formation (Figure 4). Using models 
of the system, a conformation can be found in the tetrapyrrole to show 
that this mechanism is plausible. The mechanisms proposed by Russell 
are much more complicated but are only an extension of that proposed by 
Mathewson and Corwin, and are not included here because of the similarity. 
The next step in the pathway to chl a Involves decarboxylation of 
the acetate side-chains of urogen III to form coprogen III (the analogous 
reaction is observed for urogen I). The reaction is enzymatic; the enzyme 
has been prepared from rabbit erythrocytes (47) and has been demonstrated 
in Chlorelta (36) and Rhodopseudomonas spheroides (39). The reaction 
involves a stepwise decarboxylation of urogen, and the substrates in 
Figure 4, Mechanism of iiroporphjTinO:~en formation as proposed by Msthev;son and Corwin 
m 
Figure 4. (Continued) 
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order of decreasing activity are urogen III > IV > II > I. The 
/?. sphepoides preparation requires sulfhydryl compounds and contains a 
heat stable cofactor (39). 
Uro I and -III and copro I and -III can be formed by exposing their 
respective -inogens to molecular oxygen. It is not known whether or not 
an enzyme(s) is present in vivo to carry out this reaction as these 
porphyrins are not utilized in nature, and occur naturally only in small 
amounts or when an error in porphyrin synthesis exists (i.e. the animal 
has porphyria). 
Coprogen III was shown by Sano, Granick and Mauzerall (48, 49) to be 
converted enzymatically to protogen IX by the mitochondrial preparation 
called "coprogen oxidase". Evidence for the mechanism has been recently 
proposed by Sano (50) as involving an oxidation of positions 23 and 43 to 
the alcohol (an oxygenase-type reaction), followed by dehydration and 
decarboxylation to yield the vinyl side-chains of protogen IX (the actual 
product isolated was proto IX). Sano's proposed mechanism is shown in 
Figure 5. The enzyme, isolatable from several sources, including Euglena 
(49), requires molecular oxygen, and it appears that the coprogen (copro 
III is not a substrate) is the electron donor (51). Although autoxidation 
readily converts protogen IX to proto IX, an enzyme as yet unknown, may be 
present to catalyze the reaction. The experiments of Sano ruled out the 
participation of hemato IX in proto IX synthesis as had been earlier 
suggested by Granick, Bogorad, and Jaffee (10) (as a result of their 
isolation of hemato IX from a Chtorella mutant), when Sano showed that 
hemato IX and its -inogen were not substrate for this enzyme. (Other 
evidence [Falk and colleagues (52)] was presented earlier Indicating that 
Figure 5. Mechanism proposed for the conversion of coprogen to protogen 
17b 
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hemato IX was probably an artifact of the purification procedure used— 
counter current distribution between aqueous HCl and ether, which hydrates 
vinyl side-chains.) 
The bifurcation of the pathways to heme and chl a appears to take 
place at the proto IX step. Insertion of iron to yield heme is fascilitated 
by the enzyme ferrochelatase (53) which has been demonstrated in animal 
tissue, bacteria (54), and isolated chloroplasts (26). 
Pathway to chlorophyll a 
The analogous enzyme for Mg insertion into proto IX has not been 
demonstrated. However, from the study of ChZovella mutants, and of 
relative rates of esterification of proto IX, Zn-proto IX, and Mg-proto IX, 
it is inferred that Mg insertion is the first step from proto IX to chl a. 
Chlorella mutants (7) had been isolated which accumulated proto IX, 
Mg-proto IX (55), and Mg-proto IX-65-methyl ester and its free base (11). 
This inferred that Mg insertion, followed by esterification of the 
Mg-proto IX, are the next two steps in the pathway. However, the mutants 
containing the Mg chelates accumulated far larger amounts of the 
corresponding free bases. (Other mutants discussed below, which 
accumulated porphyrins closer in the sequence to chl a, accumulated the 
Mg chelates in similar ratios). The enzyme Mg-proto IX S-adenosyl 
methionine transferase (56, 57) was shown by Bogorad and Radmer (58) to 
esterify the Mg-proto IX seven to ten times more rapidly than the free 
base or other metalloporphyrins. This supports Granick's suggestion 
of Mg incorporation as the first step and esterification as the second. 
(It may be possible that the relatively high Chloipella free base 
19 
accumulations reflected a degradation product, since the Mg chelates are 
quite heat, light, and pH sensitive). 
In this sequence, however, it is not unequivocably defined as to 
whether or not the metalloporphyrin is the obligatory substrate and 
whether or not esterification is at position 65 or 75 in the (Mg) proto IX. 
The latter was inferred by analogy with the product—Mg-V(|)a5. 
The next sequence to Mg-Vcjxzs prior to this investigation was 
completely unknown, but had been proposed by Granick (6) as being a 
3-oxidation sequence of the 62-propionate 65-methyl ester side-chain to 
the 63-keto derivative of Mg-proto IX-65 ME followed by a condensation of 
position 64 to the y-methine to yield the isocyclic ring of Vcjxzg. Prior 
to or following this sequence the 42-vinyl would have to be reduced to an 
ethyl side-chain. No evidence to date had been presented in support of 
the proposed 3-oxidation sequence, but seemingly conflicting evidence had 
been presented for the reduction of the 42-vinyl side-chain. In his study 
of ChtoTeZta mutants, Granick (9) presented evidence for a proto IX 
compound with one vinyl side-chain which suggested that the second vinyl 
group may have been reduced or hydrated. That the latter was most likely 
the case was supported by the identification of another isolated porphyrin 
—hemato IX—in the extract, but the possibility that the side-chain was 
42-ethyl was not excluded. Later, Jones (3) isolated Mg-dV(j)<25 from the 
Hhodopseudomonas spheroides "tan" mutant during his study of Bchl biogenesis 
when 8-hydroxyquinoline was included in the medium. Jones' (59) Isolation of 
A** ^ -^'ch 1 from pumpkin seed inner-seed coat further showed that there was a 
close relation between 42-vinyl reduction in Bchl biogenesis and chl a 
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biogenesis, suggesting that reduction of positions 43,44 occurred after 
isocyclic ring formation (that chl a and Bchl biogenesis were closely 
related was established when several precursors of Bchl were isolated 
which were identical to chl a precursors (60, 61, 62). 
Mg-Vcjxzs is reduced in the next reaction to chlide a. The mechanism 
of this reaction is unknown, but several pieces of data concerning this 
step are available. 
Mg-vinylpheoporphine as (Pchlide a) is accumulated in a ChtoretZa 
mutant grown in the dark (on glucose), but the mutant appears to be normal 
(i.e. accumulates chl a and b) when grown or placed in the light (glucose 
in the medium) (8, 58). A Pchlide a holochrome has been isolated which 
forms chlide a when illuminated (63). This suggests that the reduction 
is light dependent. However, the wild type Chloretla produces chlorophyll 
when grown in the dark (glucose in the medium). It may be that two 
"enzymes" are involved; one for reduction in the dark; the other for 
reduction of Pchlide a in the light. Thus the ChlovelZa mutant mentioned 
above may be explained as lacking the enzyme for dark reduction. 
Alternatively, one enzyme may be involved and its action controlled by 
light and/or an allosteric site lAiich controls it in the absence of light. 
It would make sense to argue that glucose could be the allosteric affector. 
In view of this model, the Chlovetta mutant may contain a partially altered 
enzyme (i.e. has a malfunctioning allosteric site). This problem is one 
which obviously needs more consideration. 
The last step in chl a biogenesis is the esterification of chlide a 
with phytol. The enzyme chlorophyllase is suspected to be the catalytic 
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agent for this reaction in vivo^  but in vitro catalyzes the hydrolysis (64). 
In vitro at high methanol or ethanol concentration esterification is 
achieved by this enzyme, and although in one experiment at high phytol 
concentration, phytol was shown to be esterified (65) onto chlide a, this 
could not be repeated by Klein and Vishniac (66). It has recently been 
shown that chlide a-75 ME, however, can be phytylated (67), and suggests 
that an ester of chlide or phytol [phytol pyrophosphate was proposed by 
Granick (68)] was phytylated. Further, etiolated seedlings, after 
Illumination increase in chlorophyllase activity paralleling chl formation 
(69), thereby further implicating the enzyme as the catalyst for the 
phytylation step. The enzyme has been solubilized (70, 71, 72) and 
partially purified and characterized (72). 
The enzyme catalyzes hydrolysis of tetrahydro- and dihydroporphine 
esters, but not porphine esters. The existence of Pchl a is suggestive 
that at least one other chlorophyllase exists as Pchl a is a pheoporphine. 
It is evident from this review of the state of chl a biogenesis that 
many unknowns remain. Until this present study not all the intermediates 
were known, and most of the enzymology of this pathway is still unknown. 
This thesis presents evidence for the remaining unknown intermediate 
porphines between Mg-proto IX-65 ME and l%-V(|xi5-65 ME, and opens the door 
at least to a more detailed enzymic study of the pathway. 
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EXPERIMENTAL METHODS 
Introduction 
This section describes the methodologies used in the identification 
oF intermediates in the pathway to ch] a, from Mg-proto IX-65 ME to 
Mg-V(|)a5, including the description of the Chtorella mutants and their 
growth, the isolation of the pigments, the spectrometric methods (mass, 
nmr, and optical), the chromatographic methods, chlorophyllase assay of 
one mutant, determination of Mg in the intermediates, and the use of 
CHgNz-^^C for the determination of the number of carboxyl groups of 
unesterified porphyrins. 
In addition to these methods. Appendices B, C, and D describe the 
use of spectrometry (mass, visible, IR), HCl numbers, and the chemistry of 
porphyrins, respectively, for the determination of structures. Appendix E 
describes methods of preparation of reference compounds. 
if 
Chlorella Mutants 
In these studies a high temperature strain of Chtovetlay supplied by 
C. Sorokin (73), was employed as the parents from which the ultra-violet 
mutants were obtained. Wild-type cells were irradiated in liquid medium 
(see Appendix F) with a high intensity pen-ray UV lamp (primary emission 
O 
at 2537 A) for varying amounts of time (i.e. 3-3.5 min.), the lamp being 
placed 21-22 cm. above the quartz tube (cell concentration was determined 
* 
The mutation program itself was developed and continued by Mrs. 
Phyllis Houlson. She single-handedly produced, isolated and increased 
over 1000 separate mutants, each of which was screened for diversity of 
pigment. 
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by a hemacytometer to be 2 x 10® - 3 x 10® cells/cm^). Generally greater 
than 95% kills were achieved. The irradiated cells were distributed on 
solid agar plates and grown five days in the dark. From the incubated 
plates, mutants were isolated on the basis of color and were then increased. 
From the visible spectra of the extracted porphyrins in ether and the 
color of the mutant colonies, three classes of mutants were readily 
discernable and are shown in Figure 6. Series C, yellow, appeared to 
accumulate mainly pheophorbide a; B-, yellow-green, vinylpheoporphines 
(two sub-classes were found here; one produced chlorophylls a and b when 
placed in the light (twelve hours or more) and the other did not change); 
A-, reds, protoporphine IX. A second letter indicated a particular 
isolate (e.g. mutant CA is mutant isolate A of the C series mutant). 
Submutants were obtained similarly, except that UV exposure time was 
halved (i.e. 1-2 min.). Submutants are classified according to this 
example: 
CA-2-BA-3-AC 
CA was the original mutant. Irradiation gave a second mutant of series B 
(isolate A); a third irradiation gave the A-type (isolate C). Isolates 
described were chosen for examination on the basis of the relative amounts 
of porphyrins present; those mutants which accumulated relatively small 
quantities of porphines were discarded. 
The mutants and submutants were incubated on solid or liquid media 
(described in Appendix F) at 37° generally in the dark. Incubation times 
varied from three to ten days. 
Figure 6. Some typical mutants of CKloretla 
25 
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Extraction of the porphyrins from the cells varied. Two general 
methods were followed: 
A) Initially cells were ruptured with distilled water and centrifuged 
(15 min.). The supernate was worked into ether, and the residue re-
extracted with acetone and methanol (1:1). This process was repeated once 
or twice to increase the efficiency of extraction. The acetone-methano1 
solution was poured into ether. The addition of water to this mixture 
forced about 95% of the pigments into ether. By addition of more ether 
and vigorous shaking, most of the pigments were extracted. 
B) To avoid phytylated pigments and carotenoids, algae cells were 
ruptured using up to 15% (w/v) aqueous HCl and centrifuged. The supernate 
was overlain immediately with ether in a separatory funnel and neutralized 
with solid sodium bicarbonate forcing the porphyrins into ether. Not all 
porphyrins were moved into the ether layer by this treatment and the water 
layer was reacidified to pH one or less, overlain with fresh ether, and 
neutralized once again. After repeating this procedure once or twice, the 
highest yield of porphyrins from the aqueous layer was achieved. 
The residual cells needed only be re-extracted with aqueous HCl once 
or twice for highest yields of porphyrins. 
The yields varied with the mutants from one hundred agar plate 
extractions, but, generally one could expect approximately 5 mg. of a 
mixture of porphyrins per one hundred plates grown five days. In liquid 
media the yield was totally unpredictable, but ranged as high as 10 mg. 
porphyrin mixture per liter of cells (plus medium) after five days. 
In this study a thousand or more colonies (mutants and sub-mutants) 
were isolated. Of these approximately four hundred were screened by 
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visible spectrometry, the use of HCl numbers (see Appendix C), and thin-
layer chromatographically to observe differences between the contents of 
the individual isolates. Approximately fifty of these mutants and sub-
mutants were examined in detail (i.e. by mass spectrometry or the refined 
chromatographic methods described below) . Figure 7 schematically relates 
the delineation of submutants achieved. 
Chromatographic Methods 
Falk (74) has recently reviewed the many chromatographic methods 
utilized for the separations of porphyrins or their esters. In this work 
the best separations were achieved on sucrose columns or thin-layer plates 
for esterified compounds or on thin-layer silica gel chromatograms for 
small amounts of unesterified compounds. 
Sucrose columns packed dry and under slight vacuum (water aspirator) 
were developed with n-propanol-petroleum ether (5:995) for the separations 
of dihydroporphyrins (i.e. chl a and £>, their pheophytins and methyl 
peophorbides). Typical separations achieved are shown in Figure 8. The 
porphyrins were added to the column in dried (NazSO^) ethereal solutions 
of petroleum ether or not more than 10% diethyl ether (petroleum ether 90%) 
(v/v) before development. 
Sucrose thin-layer chromatograms were prepared from an acetone 
slurry of sucrose (100 g. in 115 ml. reagent acetone). After drying the 
plates two hours or more, the porphyrins were applied to the plate in 
diethyl ether solution. Development was carried out in n-propanol-petroleum 
ether (5:995) or diethyl ether-petroleum ether (1:4). The distribution of 
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porphyrins after development is like that of the sucrose columns (75). 
Other porphyrin or pheoporphyrin esters were successfully separated 
on sucrose columns using various ratios of benzene and petroleum ether (59). 
The results of these separations are presented below in the "Results" 
section. Unesterified porphyrins (i.e. those with free carboxylic side-
chains) were chromatogrammed on commercial silica gel chromatograms, on 
commercial silica gel impregnated glass fibrous thin-layer chromatograms, 
or by paper chromatography using lutidine-water (6:3.5) as developer in 
an ammonia atmosphere (74). Both of the above described thin-layer 
chromatograms were developed using benzene-ethyl acetate-ethanol (16:4:1) 
(76). Porphyrins in all cases were put onto the chromatograms in ethereal 
solutions. Results of the chromatographic separations are also presented 
in "Results". 
Metalloporphyrlns were somewhat successfully separated on sucrose 
columns using n-propanol-petroleum ether (5:995). This is discussed in the 
"Results" section and below in the magnesium determination section. 
MaJelmldes were separated on commercial fluorescent thin-layer 
chromatograms. Mixtures of maleimides in ether or acetone solution were 
applied to the chromatograms which were developed with petroleum ether-
ethyl acetate-n-propanol (44:5:1). The non-mobile residue (acidic 
maleimides) recognized as dark spots on the chromatograms viewed in UV 
light was eluted with acetone and rechromatographed in benzene-ethyl 
acetate-ethanol (5:1:1). The results of these separations are shown in 
Figure 9. For mass spectrometry the maleimides were run in the mass 
spectrometer on silica gel. The maleimides were eluted from silica gel 
using acetone or diethyl ether. 
Figure 9. R^'s of maleimides separated on silica gel thin-layer 
chromatograms 
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Spectrometry 
Mass spectrometry 
Mass spectra of porphyrin esters were obtained on an Atlas CH4 
single-focusing, low resolution mass spectrometer at 70 eV. All samples 
were inserted as solids through the vacuum-lock probe. The absence of a 
molecular ion for porphyrins with unesterified carboxylic side-chains, 
presumably the result of low volatility of the parent compound, necessitated 
the use of esterified porphyrins [phytylated compounds, also give very 
poor molecular ions at best (77, 78)]. Appendix B describes mass 
spectrometry of porphyrins, and gives a catalogue of mass spectra of 
reference compounds reported in the literature or obtained in this work. 
Mass calibration in this work achieved using a, 3, Y, ô-tetraphenyl 
porphine (m^/e = 614). 
Maleimides were run as mixtures, as the purified solids, or on 
silica gel (after chromatography). Mass spectra of maleimides obtained 
in this study are presented in Figure 10. Mass spectra were also obtained 
for hematinic acid and methylethylmaleimide on Perkin-Elmer model 270, 
Bendix model 12-101 A and LKB mass spectrometers at 15 and 70 eV. 
Visible spectrophotometry 
Visible spectra of porphyrins and their esters were obtained on a 
Gary model 14M spectrophotometer. Solvents were pre-dried and of reagent 
grade. The use of visible spectra for determining side-chain constituents 
of porphyrins has been reviewed by Falk (74). Appendix B includes a 
discussion of the use of visible spectra of porphyrins for structural 
determination. 
Figure 10. Mass spectra of some malelmides 
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For study of porphyrins "in vivo 2" x 2" x Jjj" opal glass inserts 
were placed in the reference and sample chamber to equate scattering. 
Infra-red spectrophotometry 
Pheophorbide a in KBr discs was scanned by a Perkin-Elmer model 521 
IR spectrophotometer. 
Infra-red spectra of all other porphyrins (esters) described in this 
work were obtained on a Perkin-Elmer model 21 double-beam IR spectrophoto­
meter using 5% (w/v) chloroform solutions of the porphyrin esters. 
The value of IR spectra of porphyrins (79) and chlorophylls and their 
degradation products (80) in assigning structures to unknown porphyrins 
is presented elsewhere in detail and reviewed in Appendix B. 
NMR spectrometry 
The nmr spectrum of pheophorbide a was obtained on a Varian HA-100 
nmr spectrometer. The pheophorbide a (0.025 molar) was dissolved in CCl^ 
for obtaining the spectrum. The use of nmr greatly aids in determining 
the side-chain constitution of porphyrins, however, the quantitites 
necessary to obtain a meaningful spectrum was prohibitive in this work 
(e.g. 10-20 mg. per 1/3 ml. solvent of porphyrin ester of molecular 
weight 600). 
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Magnesium Determination of Magnesium Chelates 
Obtained from the Chtorella Mutants 
Initially, the extraction of porphyrins from the Chtovetta mutants 
with water or organic solvents did not yield Mg chelates. The proposed 
sequence to chl a (Figure 1) suggested that the Mg chelates should be 
present if these compounds examined were chl a precursors. The in vivo 
spectrum of the wild-type cells and mutant CA are shown in Figure 11. 
Addition of trichloroacetic acid (tea) (2 drops 0.5M) gave the results 
shown in Figure 11. The only pigment extracted after tea treatment was 
pheophorbide a (mutant CA) or pheophytins a and b (wild-type) as was shown 
by thin-layer chromatography and visible spectrophotometry. This result 
inferred that the Mg chelate was the major pigment in vivo that the Mg 
was exchanged during extraction, yielding mainly the free base. 
More direct evidence for the presence of the Mg chelates (in mutant 
CA) was obtained when the colonies were grown for 3-4 days, rather than 5, 
and were carefully extracted with methanol;acetone (1:1), and the extracts 
chromâtogrammed on silica gel chromatograms using benzene-ethyl acetate-
ethanol (16:4:1). Results are shown in Figure 12. The lower green band, 
dissolved in ether, had a visible spectrum identical with chl a in ether. 
Shaking this ethereal solution with 6N HCl for one minute produced a 
compound whose visible spectrum in ether was identical to that of 
pheophytin a, suggesting that the compound was originally chlide a. 
In vivo studies of mutants AJ and BE gave similar results (shown in 
Figure 13) indicating the removal of the metal ion from the metallo-
porphyrin: an increase in the Soret band intensity and shift of the Soret 
Figure 11. Spectroscopy of Chloretla mutant CA and of the wild-type 
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to shorter wave-lengths, together with spectral changes in the visible 
region suggestive of a conversion to the free base (Appendix B—Figure 32). 
By growing mutants AJ for three days and chromâtographing the 
porphyrins [petroleum ether-benzene (1:1)] after esterification, a single 
metalloporphyrin band is observed near the top of the column. This band, 
chromatographed on sucrose columns using ethyl ether/petroleum ether (3:7) 
removed the metalloporphyrins completely from the free base esters, as 
this band rapidly moves down the column away from the free base esters. 
Rechromatography on sucrose using petroleum ether-n-propanol (995:5) 
yielded four very poorly resolved bands (which consisted mainly of Mg-proto 
IX-dimethyl ester) and one well-resolved band. From the separated free 
base esters of mutant AJ, the respective Mg chelates were synthesized (81). 
The visible spectra of the partially purified Mg-chelates resembled those 
of the synthetic metalloporphyrins (see "Results"). The lowest portion of 
the four unresolved bands and the single resolved band were Mg-proto IX-dME 
and 43,44-diH-Mg-proto IX dME, respectively, as indicated by visible 
spectrophotometry. The remainder of the four bands could not be further 
resolved. 
The "four" bands were collectively treated with 15% (w/v) aqueous HCl 
to remove the metal ion. After forcing the porphyrin esters back to ether 
with NaliCOs, they were rechromatographed [benzene-petroleum ether (1:1)] 
yielding the same compounds extracted from the cells as the free bases and 
in the same proportions (see "Results") . The aqueous layer was examined by 
atomic absorption (Perkin-Elmer model 303) for all fractions above, and the 
results are shown in Table 1. 
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The aqueous or acetone (after subtracting the blank) solutions 
described above were essentially devoid of zinc and copper as revealed 
by atomic absorption. 
Table 1. Atomic absorption data obtained from metalloporphine fractions 
isolated from Chtoretta mutants AJ and BE^ 
Chromatographic Total quantity metal Total Mg calculated (yg) from 
band ion found (yg) porphyrin concentration 
Mg Zn Cu 
AJ 1-4 8.7 0.2 0.5 7.8 
AJ 5 49 0.025 1.25 42 
BE top 8.8 0.005 0.12 8.0 
BE lower band 6.8 0.025 0.42 5.7 
^These determinations were performed by James Hurd, Veterinary Diagnostic 
Lab., Iowa State University, for which we express our appreciation. 
Determination of Chlorophyllase Activity in Mutant CA 
The nature of the genetic defect of the Chtovelta mutant CA was 
investigated. The first investigation assayed the chlorophyllase level 
in the mutant compared with the wild-type to determine whether the 
mutation involved the chlorophyllase. 
Both the mutant CA and wild-type cells were grown five days in the 
dark (solid medium—Appendix F) at 37*C. The cells were harvested with 
acetone-methanol (1:1) and sonicated 15 min. The suspensions were 
centrifuged and re-extracted until no red fluoresence was observed in the 
supernatant or residual cells. 
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Five grams of each residue was incubated at 37°C with 15 ml. of an 
acetone solution of pheophytin a (100 mg/&) and 2.0 ml. phosphate buffer 
(pH = 6.2). Two mL aliquots were removed at 24 hr. intervals and the 
chlorophyllase activity determined. 
For the assay, the two ml. of suspension was added to 5 ml. acetone 
and centrifuged. One ml. of the supernatant was chromatogrammed on 
silica gel thin-layer plates to separate the pheophytin a and pheophorbide 
a. The pheophorbide a and pheophytin a were each eluted into 5 ml. diethyl 
ether and the optical density at 408 nm. obtained for each. The ratio of 
absorbance of pheophorbide a to pheophytin a was taken as a measure of the 
chlorophyllase activity of each species (82). 
The chlorophyllase activity of mutant CA was 15-20% that of the 
wild-type. It was shown by thin-layer chromatography that the xanthophylls 
of mutant CA were different from those of the wild-type and that the 
mutant had no carotenes (Figure 12). The data suggest that the mutation 
affected the isoprenoid biosynthetic pathway, thereby, prohibiting the 
biosynthesis of phytol. 
The significance of the residual 15-20% chlorophyllase activity is 
not yet understood. 
Determination of Side-chain Carboxyl Groups in yg Amounts of 
Porphine using ^^C-diazomethane 
Some intermediates in the chl a biosynthetic pathway exist as the 
monoester (from Mg-proto IX-monoester to chlide a). As part of the proof 
that an isolated porphyrin was part of this pathway, one should demonstrate 
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the monoester. One method available for the determination of the number 
of free carboxylic side-chains was the use of paper chromatography with 
lutidine-water as solvent (see above). 
An alternative method could be the use of ^^C-labeled diazomethane 
of known specific activity (83). This possibility was investigated. 
^^C-Diazald (N-methyl-N-mitroso-p-toluenesulfonamide) was used as the 
source of ^ ^ C-diazomethane (see Appendix D). In one experiment oxalic 
acid and proto IX were esterifled (0.14 ymoles each) using a twenty-fold 
excess of ^^C-diazomethane. A twenty-fold excess of diazoethane was 
also added to 0.14 Vmole proto IX-DME, in an attempt to discern exchange 
between methyl esters present on the porphyrin with the diazomethane. 
Specific activities of the materials were determined (plated "infinitely 
thin") on a gas-flow radioactivity counter. Results are given in Table 2. 
In a second experiment p-nitro-benzoic acid was used as the 
reference acid. P-nitro benzoic acid (1.0 ymole), 0.5 ymole proto IX and 
its dimethyl ester were treated with twenty-fold excess of ^^C-diazomethane 
for 5 min., 10 min. and 1 hr. Specific activities were determined. The 
results are given in Table 2, 
It can be seen that the specific activities of the standards did not 
correlate with that of the porphyrins. That the porphyrins were fully 
esterifled was shown by paper chromatography of the compounds with 
chloroform. With this technique unesterified porphyrins stay at the 
origin, but all of these compounds were mobile. Although the high 
exchange rate would not allow this technique to be a means of determining 
the number of free carboxyl groups on partially esterifled porphyrins, it 
can possibly be used for determining the number of carboxyl groups in 
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fully hydrolyzed porphyrins, using proto IX as a standard. 
Table 2. Incorporation of ^^C-diazomethane into fully esterified and 
unesterified protoporphine IX and reference acids 
Experiment 1 Counts per min/micromole (x 10"'') 
Compound 5 min. esterification 
proto IX-DME 1.81 
proto IX 14.7 
oxalic acid 2.87 
Experiment 2 Counts per min/micromole (x 10"^) 
Compound 10 min. esterification 1 hour esterification 
p-nitro-benzoic acid 8.2 11.5 
proto IX-DME 4.4 8.2 
proto IX 14.3 14.5 
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RESULTS 
Visible spectrophotometry of the initial extractions from the Chlovelta 
mutants indicated that the porphyrins accumulated in mutants CA, BE and AJ 
were mainly pheophorbide a, vinyl pheoporphine as and protoporphine IX, 
respectively. In addition, the spectra indicated that mutants of the C 
series and B series contained smaller amounts (generally less than 30%) of 
pigments resembling but not identical to proto IX. Of the hundreds of 
mutants examined variations were observed only in terms of the relative 
amounts of the pigments accumulated; that some were "leaky", but no other 
different chl a mutant was observed. No obvious chl b mutants were 
observed, and no mutants devoid of chl a contained any chl b. 
As no mutants were observed which contained any other compounds than 
those above, either of two possibilities existed for the porphyrins 
intermediate between Mg-proto IX-65 ME and Mg-Vcjkz5 ME. One is that the 
intermediates are never released from the enzyme complex catalyzing the 
sequence. Alternatively, the reaction sequence thermodynamically may 
favor formation of the reactant or product, and the intermediates are 
accumulated only in smaller quantities, but their presence is masked in 
the extracts by the reactant (e.g. Mg-proto IX-65 ME) or the product 
(e.g. Mg-vinyl pheoporphine as). 
Evidence was obtained in preliminary studies that the latter was 
the case when mixtures of porphyrins (esters) from the A, B and C series 
mutants were subjected to mass spectrometry. These results will be 
described after the reporting of even earlier experimental findings. 
In the initiation of this work another problem of a technical nature 
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was more basic than that of finding the missing intermediates. Because 
the determination of structures of these compounds was expected to be an 
exercise in the use of micro techniques, as the yields of these porphyrins 
with unknown structures was expected to be very small after reviewing the 
work of Granick and colleagues, a routine method on the one mg level for 
structure determination of porphyrins had to be devised. Katz, et.al. (84) 
had combined mass and nmr spectrometry for the determination of the 
structure of chlorophyll c, by obtaining its gross structure by mass 
spectrometry and demonstrating the side-chain constituents by nmr. This 
combination proves to be most satisfactory, especially when 10 to 20 mg 
of the porphyrin ester are available for nmr spectrometry (only yg 
quantities are necessary for mass spectrometry). However, in this work, 
it was estimated that at best less than 5 mg of esterified compound could 
be obtained in a reasonable batch of operations. From literature reports 
and a preliminary study with chl a, this concentration maximum (i.e. about 
2.5 X 10"^ molar) appears to be the lower limit for practical application 
of nmr spectrometry for porphyrin structure determination, as some of the 
single hydrogens are barely observable at this concentration, even after 
accumulating 100 spectra and smoothing the spectrum (i.e. reducing the 
signal to noise level) in proportion to the four largest peaks. The use 
of microcells would have enabled at least a ten-fold concentration 
increase, but the signal attainable with these cells is not quantitative. 
Another technique used to demonstrate the side-chain make up of 
porphyrins is that of chromate oxidation (Appendix D—Page 149). However, 
previous work with this technique required the use of a minimum of 50 mg 
of porphyrin to obtain enough product (maleimides) to determine. The 
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methods available for purifying (mainly sublimation) and Identifying 
(mainly melting points or gas phase chromatography) these derivatives, 
coupled with the fact that yields were low, necessitated the use of large 
quantities of starting material (porphyrin). 
In this work, the combination of silica gel chromatography and mass 
spectrometry of the derivatives (maleimides) allowed for the utilization 
of as little as two mg of porphyrin in the oxidation which seemed well 
within the limits set for the procedure needed. The maleimides are 
identified on activated fluorescence indicator impregnated thin-layer 
chromatograms by quenching of the fluorescence. The R^'s of maleimides 
used are shown in Figure 9; their mass spectra were given earlier in 
Figure 10. Interpretation of the mass spectra infer, in general, a loss 
of side-chain substltuents up to the a-substltuent, followed by ring 
fragmentation. Free carboxylic hematinic acid gave a weak molecular ion, 
even at low electron energy (i.e. 15 ev). The mass spectrum of dihydro-
hematlnlc acid was curious. In the crude preparations obtained from 
oxidation of (})fbd a, the mass spectrum of dihydrohematlnlc acid appeared 
to have a loss of two from each major peak. It is suggestive of the 
compound having been partially oxidized during the oxidation reaction to 
yield hematinic acid. Alternatively, pyrolysis in the mass spectrometer 
yielded the spectrum of hematinic acid in addition to the dihydro-analog. 
However, when the dihydro-compound was purified on silica gel and run on 
the mass spectrometer (on silica gel), the spectrum of hematinic acid 
practically disappeared, and no hematinic acid was observed. 
It should be pointed out that pyrrollc rings of porphyrins containing 
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formyl and vinyl side-chains or isocyclic rings (a phorbin) yield no 
recognizable maleimide derivatives when oxidized with chromate. Vinyl 
substituted porphyrins may be reacted with ethyl diazoacetate yielding a 
cyclopropylcarboxylic maleimide upon oxidation, and the presence of a vinyl 
may be inferred by identifying this maleimide. To infer a formyl side-chain 
or isocyclic ring on a porphyrin other chemical or optical methods are used 
(see Appendices B and D). 
The use of thin-layer chromatography of maleimides has been reported 
from other laboratories recently, utilizing slightly different solvent 
systems and means of identifying the maleimides on the chromatogram (85, 86). 
In one of the cases mass spectrometry was employed to identify a maleimide 
(containûqg a long-chain hydrocarbon) produced from porphyrin a oxidation (85). 
The first application of this technique was in the determination of 
the structure of the major porphyrin accumulating in Chtovetta mutant CA. 
From preliminary tests, the mutant accumulated an unesterified porphyrin 
whose visible spectrum in ether was identical to (j)fbd a. However, certain 
degradation products of (j)fbd a are virtually identical in visible spectrum 
to the parent compound. The methyl ester had a molecular ion a m^/e = 606 
in its mass spectrum (that of #fbd a methyl ester is 606) and a fragment­
ation pattern identical to ^fbd a methyl ester. The nmr spectrum of 
synthetic tj)fbd a was identical to that of this pigment, as was the IR 
spectrum. Chromate oxidation yielded methylcyclopropylcarboxylic maleimide, 
methylethylmaleimide, and dihydrohematinic acid. The agreement of these 
physical characterizations suggest that the porphyrin structure was that of 
pheophorbide a. 
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Further analysis of the pigments by thin-layer chromatography 
following careful extraction of the pigments with acetonemethanol (1:1) 
revealed a second green compound (Figure 12) whose absorption spectrum in 
ether was identical with that of chl a. Treatment of this pigment with 
acid gave a compound that appeared to be identical to the pheophorbide a. 
In vivo studies of suspended mutant cells indicated a shift to shorter 
wave lengths of the red maximum when the cells grown in the dark were 
treated with trichloroacetic acid (Figure 11). The same result was observed 
for the wild-type cells. When the wild-type was extracted only pheophytins 
were observed. Eight molar urea treatment showed no spectral change in the 
CA mutant, suggesting that a holochrome conformational change was not 
responsible for the result of the trichloroacetic acid treatment. These 
results infer that mainly chlide a is accumulated in vivo and that the Mg 
is split out during extraction yielding mostly the corresponding cj)fbd a. 
Chromatographically (Figure 12) this mutant had no carotenes, and the 
xanthophylls appeared different from those in the wild-type. A lower level 
(15 to 20%) of chlorophyllase activity was observed in the mutant cells 
compared with the wild-type. It is suggestive that the mutation here 
involves isoprenoid biosynthesis. Further, although the significance of the 
15-20% chlorophyllase is not known, the low level of chlorophyllase could 
suggest that its synthesis (i.e. of the full complement) may be induced by 
substrate. 
The "pigments" accumulated in minor amounts are suspected to be only 
one basic porphine (which was poorly resolved by chromatography) proto IX 
and/or its monoester as the mass spectrum of the esterified compound(s) give 
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an m^/e of 590 (that of proto IX DME is 590). No analogous compounds of 
the chl 2? series were discernable. 
Mutant BE was chosen as being a typical representative of the B series 
mutants. The porphyrins extracted after five to ten day growth periods 
were examined (as the esterified compounds) in the mass spectrometer in 
order that BE compounds be used as reference for the analysis of porphyrins 
in other B series mutants. Pigments were extracted from the algae with 
aqueous HCl (15% w/v) to avoid carotenoids and phytylated compounds, and 
then were esterified. In the mass spectrum molecular ions were observed at 
+ 
m /e 604, 606 and 608 (Figure 14). Partitioning the pigment mixture 
between aqueous HCl-ether lead to partial resolution of the compounds 
(visible spectra of the fractions are given in Figure 15). One fraction 
(m^/e = 608) was resolved by extraction of the mixture in ether with HCl #5; 
the remainder had m^/e at 604 and 606. Reaction of both fractions with 
diazoacetic ester, followed by chromic acid oxidation (Appendix D—Page 149) 
yielded methycyclopropylcarboxylie maleimide, methylethylmaleimide, and 
hematinic acid for both fractions. Brief oxidation with dilute chromate 
(Appendix D—Page 145) of the fraction with m^/e = 608 gave a compound 
with a rtiodo visible spectrum (about 60% yield) (inferring a carboxyl a to 
the porphine ring in the derivative) and a molecular ion primarily at 606. 
Reduction with NaBHi^ (Appendix D—Page 147) of the other fraction yielded 
a product whose visible spectirum was the phyllo-type (inferring a majority 
of the mixture was a compound with an isocyclic ring) and which had 
molecular ions in the mass spectrum appearing mainly at m^/e 606 and 608. 
Further attempts to purify these compounds by silica gel thin-layer 
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chromatography failed. The unesterified compounds were primarily 
monocarboxylic as was shown by lutidine-water development of paper 
chromatograms (Figure 16). A trace of fully esterifled compound was 
observed (this mutant is somewhat "leaky"). Figure 13 presented in vivo 
studies of these pigments. The spectral changes suggest that at least 
two metalloporphyrins were present. 
The evidence accumulated for the mixtures of pigments in mutant BE 
suggested that Mg-V^ag was present, and, in addition, its two immediate 
precursors Mg-43,44-DH-63 hydroxy-proto IX-65 ME and Mg-43,44-DH-63-keto-
proto IX-65 ME were accumulated to some extent (the presence of the Mg 
chelate was equivocal at this point). 
Mutant AJ was chosen as a typical example of the A series mutants to 
be characterized for reference purposes. By visible spectrophotometry, 
after 5 to 7 days growth period, the mutant seemed to accumulate compounds 
similar to protoporphine IX (Figure 14). For initial studies in the mass 
spectrometer, the porphyrins were extracted with aqueous HCl (15%), 
immediately worked into ether (NaHCOa), and esterified. The mass spectrum 
of this mixture also gave three molecular ions (Figure 17) at m^/e = 588, 
590, and 592. The unesterified compounds all appeared to be monocarboxylic 
(Figure 16). Partial hydrogénation (PtOg-Hg) of the mixture in glacial 
acetic acid yielded a compound which had a molecular ion at 594 and a 
fragmentation pattern identical to meso IX-DME (m^/e = 594) (Figure 18). 
Refluxing the mixture in methanol containing dry HCl gas (one-tenth 
saturated) for 18 hours gave a product with m /e at 590, 592, 620, and 
622 (588 and 590 + CH3OH, respectively), inferring an acrylic acid side-
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chain in the compounds of molecular mass 588 and 590. Oxidation of the 
mixture reacted with diazoacetic ester yielded methylcyclopropylcarboxylic 
maleimide, methylethylmaleimide, and hematinic acid, but no other recognize-
able maleimides. Partial resolution of the unesterified porphyrins could 
be achieved by silica gel chromatography which gave two chromatographic bands 
(R^'s -0.1 and 0.6) Mass spectrometry of the methyl esters of these bands 
(Rg = 0.6) indicated m^/e at 588, 590, 592 and at 588, 590 in the other 
(Rg = 0.1). In vivo spectra (Figure 14) suggested the presence of Mg 
chelates as they did for mutant BE. From these results it was postulated 
that mutant AJ contained Mg-proto IX-65 ME^ Mg-A®^-proto IX-65-ME, 
Mg-A®^-43,44 DH-proto IX-65 ME, and Mg-43,44-DH-proto IX-65 ME. 
Of all the purification methods tried (HCl number fractionation 
(Appendix C) of the esterified and unesterified free base porphyrins; 
chromatography on sucrose and silica gel thin-layers; chromatography on 
paper, and on celite, silica gel, calcium carbonate, magnesium oxide, 
alumina, and sucrose columns, each with a large variety of solvent systems) 
the best method obtained for isolation of these compounds was column 
chromatography on sucrose of the dimethyl esters using various ratios of 
petroleum ether-benzene as developer (59), which has already been 
demonstrated to be a method for separating porphyrin esters which differed 
only in the degree of saturation of the vinyl side-chains. 
Separation of the esters from A series mutants is generally achieved 
in two steps. Initially the porphyrin esters are dissolved in a minimal 
amount of benzene. To this solution four volumes of petroleum ether is 
added. The solution is dried by pouring in a small amount of anhydrous 
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sodium sulfate powder and quickly decanting (the porphyrin esters quickly 
adsorb onto the drying agent). The solution is added to a sucrose column 
on top of which is a 1/8- to 1/4-inch layer of (dried 100°) sodium chloride 
(preferably) or anhydrous sodium sulfate. This column is easily overloaded, 
and attempts at redissolving the precipitated esters (which sometimes form 
within minutes) is nearly impossible. The best results are achieved by 
using large columns and very small quantities of porphyrin esters. 
Development with petroleum ether-benzene (3:7) gives the distribution 
shown in Figure 19 and is very difficult to reproduce because of the 
insolubility of these compounds in this solvent system. The lower bands 
(43,44 DH-proto IX-DME and proto IX-DM) may have to be rechromatographed 
several times to attain reasonable mass spectral purity (i.e. 95% or more 
of one molecular ion). Rechromatography of the top bands in benzene-
petroleum ether (1:1) yields the other result shown in Figure 19. These 
two bands (63-OH proto IX-DME and 63-keto proto IX-65 DME) may be 
rechromatographed to separate these compounds in terms of zero, mono-, or 
divinyl analogs by using a) 100% benzene for the 63-OH-proto IX DME band 
or b) (75:25) benzene-petroleum ether for the 63-keto-proto IX DME band. 
It should be noted that these last two bands were present in very small 
proportions in mutant AJ, but could be isolated from mutant AJ and not 
from the BE mutant because of the chromatographic properties of the 
pheoporphine esters of mutant BE. 
B series mutant esters were separated similarly, and the results are 
diagrammed in Figure 19. When mutant BE was grown for shorter periods (i.e. 
3 days) the DV(|)a5 (3,87) was observed. The chromatographic characteristics 
Figure 19. Typical chromatographic separations achieved on sucrose columns 
of porphines (esters) extracted from mutants AJ and BE 
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of these pheoporphines made it impossible to achieve purity of the molecular 
mass esters 606 and 608 indicated above, as the pheoporphines smeared out 
over these during development. After 16 hours of chromatography traces of 
the molecular mass ester 608 began to separate from the pheoporphine band. 
Careful extraction of the pheoporphines was necessary to obtain these 
compounds in 95% or better purity. To attain this, the top two cm. of 
the pheoporphine band was discarded and the next 2-3 cm. were retained. 
This fraction proved to be greater than 95% DV^as. The bottom 2-3 cm. 
proved to be about 90-95% V<pa5. Chloroporphyrins (mono and diV) (see 
Appendix A and Appendix B—Table 12b for structure and visible absorption 
spectra) were obtained when BE pigments were extracted by 15% HCl or when 
the colonies were grown 7 or more days. 
Separation of Mg compounds obtained from these mutants was not so 
straightforward, and a different procedure was necessary for the separations 
achieved. From A and B series mutants grown 3 days, the esters were added 
to the columns as above. First development of benzene-petroleum ether (1:1) 
yielded the Mg chelates as fine band(s) at the very top of the columns. 
B series mutant Mg chelate esters were separated at this point, the Mg-V^#5 
being above the Mg-Vcjias. Mutant AJ Mg chelate esters were subjected to a 
second sucrose column developed by 30% diethyl ether in petroleum ether. 
The Mg chelates quickly moved down the column away from the free base esters. 
The Mg chelates were chromatographed a third time on sucrose using 0.5% 
n-propanol in petroleum ether, yielding four poorly resolved bands and a 
fifth resolved band at the bottom. The visible spectra in ether of the 
fifth band and of the bottom portion of the top "partially" resolved band 
71 
are given in Figure 20. Shaking all compounds ("bands" 1-4) with 15% HCl 
and working the porphyrins back into ether with NaHCOa, followed by 
rechromatography yielded the same chromatographic bands (i.e. free base 
esters) as extracted initially from the mutant with aqueous HCl. Atomic 
absorption of the aqueous layer (Table 1) quantitatively indicated Mg as 
the chelated metal. Band five was done separately, and the results agreed 
with the postulate, that the compound was Mg-43,44-DH-proto IX-DME. 
Synthetic Mg chelates of the chromatographically separated free base 
esters were prepared; their spectra are reported in Figure 21. 
Proof of the structures of the isolated chromatographic bands was 
obtained principally through IR, mass, and visible spectrometry of the 
bands, and the observation of visible spectral changes for derivatives. 
AJ chromatographic bands will be numbered 1-4 (for the characterization 
below)(see Figure 19) in order of appearance of these compounds from top to 
bottom; BE bands 5 and 6 (pheoporphines). The visible spectra of these 
compounds in ether and chloroform are given in Figure 22. (It should be 
remembered that bands 1 and 2 are mixture of porphyrins that vary in degrees 
of saturation of vinyl side-chains.) Table 3 gives molecular ions in the 
mass spectrum of these compounds and Figure 23 gives the partial mass 
spectra of these chromatographic bands. When mutant AJ was grown longer 
than five days, additional compounds were observed on the column: 
mesoporphyrin IX appeared below the 43,44 DH-proto IX on the column, and 
a small amount of DV(j)(Z5 appeared between the top band and next band (i.e. 
bands 1 and 2). The carbonyl region in the IR spectra of compounds two, 
three, five, and six are given in Figure 24. Bands 5 and 6 (BE chromato-
Figure 20. Visible absorption spectra in ether of metalloporphine esters isolated from extracts 
of mutants AJ and BE 
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graphy) gave phyllo-type visible spectra reduction (NaBHi*—Appendix D— 
Page 147) products (Table 4), formed chloroporphyrins (Appendix D, Table 4— 
Page 148) and passed the phase test, all of which indicated the presence of 
an isocyclic ring on both these compounds, as did the IR spectra. 
Table 3. Molecular ions and their ratios in mass spectra obtained for 
chromatographic bands of porphyrin esters obtained from 
mutants AJ and BE 
Band Molecular ions Ratios 
1 606,608,610 2:6:2 
2 604,606,608 2:7:1 
3 588,590,592 5:91:4 
4 590,592,594 5:90:5 
5 602,604 95:5 
6 602,604 5:95 
The interpretation of these results gives these tentative conclusions: 
band 6 is V<j)a5, band 5 is DV^ag, band 4 is 43,44-DH-proto IX-DME, band 3 is 
proto IX-DMK, band 2 probably consists of three analogous compounds having 
a carbonyl side-chain (IR spectrum—Figure 23) in conjugation with the 
porphlne ring (the three analogs vary in the degree of vinyl side-chain 
saturation), and band 1 probably consists of three hydroxylated analogs of 
proto IX-DME varying in the degree of vinyl side-chain saturation. 
The problem remaining was the resolution of the structures of compounds 
1 and 2. Compound 1 could have an a-hydroxyethyl, hydroxymethyl, or 3-
hydroxy propionate side-chain and fit the mass spectral data. That only one 
hydroxyl side-chain was present was shown by chloroform-kerosene (2.6:4) 
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Table 4. Visible absorption spectra of AJ and BE chromatographic bands 1-6 
in various solvents and of some of their derivatives 
Compound Solvent Absorption maxima ratios 
IV III II I 
BE band 5 ether 526 567 588 642 
1.0 1.6 1.01 0.12 
CHCI3 529 572 593 644 
1.0 1.70 1.42 0.14 
Derivatives 
chloroporphine ether 512 548 585 638 
1.0 0.63 0.45 0.07 
NaBH reduced ether 505 541 573 630 
1.10 0.38 0.49 0.47 
oxime pyridine-ether 516 554 582 636 
1.0 1.31 0.71 0.27 
BE band 6 ether 524 565 586 638 
1.00 2.14 1.50 0.09 
Derivatives 
chloroporphine ether 510 547 581 635 
1.0 0.68 0.43 0.06 
NaBH reduced ether 500 527 565 623 
1.0 0.33 0.43 0.40 
oxime pyridine ether 513 553 575 628 (aetio-type) 
AJ band 1 ether 498 531 571 626 
1.0 0.70 0.43 0.31 
Derivatives 
after brief ether 511 553 583 640 
chromate oxidation 1.0 1.20 0.70 0.17 
dehydration products 
sulfonated compound 
ether 502 536 570 628 
1.0 1.39 1.55 0.3 
acrylic acid ether 509 551 576 634 
1.0 1.2 0.90 0.10 
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Table 4.(continued) 
Compound Solvent Absorption maxima ratios 
IV III II I 
AJ band 2 ether 513 553 582 640 
1.0 1.18 0.68 0.18 
CHCI3 517 558 583 642 
1.0 1.30 0.77 0.19 
Derivatives 
NaBH reduced ether 498 531 571 626 
1.0 0.73 0.45 0.30 
oxime CHCl 508 547 577 632 
1.0 0.92 0.58 0.27 
oxime after 
nltrile reaction 506 540 578 636-
ether 1.0 0.81 0.40 0.36 
CHCl 3 same as oxime 
after resorcinol 509 552 581 639 
melt ether 1.0 1.12 0.75 0.13 
hemin ether 510 540 586 628-: 
acetal reaction 502 532 575 628 
product ether 1.0 0.67 0.45 0.30 
addition of diazoacetic 
ester 
ether 
addition of 
diaxoacetic ester 
to oxime ether 
in 25% aqueous HCl 
511 551 
1.00 1.19 
503 
1.0 
540 
0.74 
580 
0.67 
577 
0.41 
536 
1.0 
640 
0.19 
635 
0.30 
613 
0.54 
AJ band 3 ether 
CHCI3 
503 
1.0 
505 
1.00 
535 
0.80 
541 
0.82 
576 
0.44 
575 
0.53 
633 
0.44 
630 
0.38 
AJ band 4 ether 500 532 571 628 
1.0 0.72 0.46 0.40 
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development of a paper chromatogram (Table 5)• Brief chromate oxidation 
of band 1 yielded (~40%) compound 2 (Table 4) as was indicated by visible 
spectrophotometry. That the compound probably did not contain an hydroxy-
H 
methyl (—C-OH) side-chain (with no asymmetric carbons) was shown when 
H 29 8 
optical activity ([M] = 3300°) was observed when an ORD spectrum was 
400 
obtained for this compound in ether (that the porphyrin ring does not give 
rise to optical activity is suggested by the fact that proto IX-DME shows no 
optical activity). Dehydration of this compound [by refluxing the compound 
in pyridine with p-toluenesulfonic acid (Appendix D—Page 145) for 20 hours] 
and column chromatography of the products yielded what appeared by visible 
spectrophotometry to be a small amount of a sulfonated 
porphyrin (Table 4). when its visible spectrum was compared to that of 
sulfonated porphyrins synthesized by Fischer (88); pyrroporphrin XV 62-
acrylic acid (Appendix B)(in about 10% yield. Table 4) which indicated that 
the original compound had a g-propionate side chain; unreacted compound. 
The evidence suggests that the compound was a 63-hydroxy-proto IX varying 
in the degree of saturation of the vinyl side-chains. 
Compound 2 was readily reduced by NaBHi* to yield a derivative with the 
aetio-type visible spectrum (Table 4) of compound 1 indicating that the 
carbonyl was acyclic, as did the IR spectrum (Table 4), but could not form 
a nitrile when heated in acetic anhydride, suggesting that the oxime was 
not one of a formyl side-chain, as these readily form nitriles. The 
visible spectrum was of the rhodo-type after resorcinol melt treatment, but 
shifted to shorter wave lengths (Table 4) indicating that the carbonyl was 
a keto, not a formyl. The compound underwent a slow bisulfite addition 
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Table 5. values of some hydroxylated porphyrins on paper. 
Developer: chloroform-kerosine (2.6:4) (From Reference 4) 
Compound (esters) 
%f 
Number of 
OH groups 
AJ band 1 0.28 
AJ band 2—NaBHij reduced 0.27 
AJ band 2 0.53 
proto IX 0.60 0 
From reference 76 
hemato IX 0.03 2 
monohydroxyethyl deutero IX 0.34 1 
monohydroxyethyl monovinyl deutero IX 0.29 1 
monohydroxymethyl deutero IX 0.22 1 
dihydroxymethyl deutero IX 0.01 2 
Table 6. Molar rotations observed at the Soret band of free base esters of 
compounds 1-6 from mutants AJ and BE® 
Chromatographic band [M]"8 
Soret 
Sign of the Cotton effect 
AJ 1 3300° + 
2 N 
3 N 
4 N 
BE 5 2000° + 
6 X 
AJ 2—NaBHi( reduced 4000° + 
N = None observable (less than 1000°) X = not obtained 
®The CRD spectra were obtained by J. David Daniels of this laboratory 
for which the author is greatly indebted. 
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(^1/2 complete in 3 1/2 hours), and underwent the so-called acetal reaction 
(Table 4); the product was readily hydrolyzed by 5% HCl treatment. The 
intensity of the 1660 cm~^ IR band was similar to that of acetyl 
deuteroporphyrin (Appendix B). Diazoacetic ester addition to the compound 
and its oxime gave a spectral shift of its visible spectrum of 1 to 2 nm 
indicating mainly one vinyl side-chain, as did the mass spectrum. The 
compound in ether and alcoholic KOH (phase test) had a mixed aetio-rhodo 
visible spectrum. The product was not extractable back into ether. The 
hemin of this compound yields a visible spectrum which is most similar to 
that of a hemin containing an acetyl side-chain (Table 4), as does the 
spectrum of the compound in 25% aqueous HCl. These data suggest that the 
chromatographic band 2 consists of 3 analogous compounds containing a 
3-keto propionate side-chain (inferred as position 63 by analogy with the 
proposed pathway), the three compounds varying in the degree of vinyl side-
chain saturation. 
Band 2 reduced with NaBHit (10 min—Appendix D—Page 147) produced an 
optically active product (in one experiment; this was not repeated) with 
the same intensity and sign of the Cotton effect, visible (Table 4) IR, and 
mass spectrum as compound 1. The presence of optical activity in this 
product infers that the enzyme producing the 63-keto product is stereo 
specific. 
Optical rotatory dispersion data obtained for the free base esters of 
all the intermediates are given in Table 6. The HCl numbers determined for 
the bands are given in Table 7 ; the visible spectra of the individual 
compounds isolated from rechromatography of bands 1 and 2 are given in 
Figure 25. 
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Table 7. Approximate HCl numbers of mutant AJ and BE porphyrin esters 
separated by sucrose chromatography 
Chromatographic band HCl number 
AJ 1 4 to 5 
2 7 to 8 
3 5.5 
4 4.0 
BE 5 13.5 
6 13.0 
The proposed compounds could not be isolated, but their presence 
in band 3 is shown from the existence of a molecular ion at m^/e = 588 
(small) in the mass spectrum of band 3. In addition, if band 3 is 
refluxed in methanolic-HCl (Appendix D) additional molecular ions (besides 
m^/e = 590) appear at m^/e 620, 622 (major), and 624 (small), inferring the 
presence of porphyrins with acrylic acid side-chains. Further, partial 
hydrogénation with deuterium gas yielded, upon chromic acid oxidation, 
P + 2 dideutero-hematinic acid in a proportion (i.e. (—-—) of this product 
compared with "unlabelled" hematinlc acid) that indicated the presence of 
approximately 15% in the band of porphyrins with acrylic acid side-chains. 
Studies of submutants of mutants CA, BE, and AJ delineated the sequence 
of the above porphyrins in the chl a pathway. Mutant CA submutants were of 
the B series (i.e. those which did not produce chl a when placed in the 
light) and of the A series. The B series submutants upon irradiation gave 
sub-submutants of the A series. Several puzzling results were obtained from 
the study of these submutants. First both the A and B submutants of mutant 
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CA were generally quite "leaky" (i.e. pheophorbide a was observed in 
extracts of almost all of these submutants). The B series submutants 
produces A series submutants, some of which were also "leaky" (i.e. traces 
of pheophorbide a and large amounts of pheoporphines were observed in 
addition to the A series accumulates). Secondly, some of these mutations 
appeared to have lost their mechanism of control of porphyrin synthesis (in 
both the A and the B series) as they accumulated more porphyrins on a molar 
basis than the wild-type does chls. No back mutations were obtained (i.e. 
to chl a) after a few hundred second and third generation mutations were 
observed. 
Submutants of mutant BE were of two types (1) a B series which could 
not form chl a when grown in light (accumulated Mg-DV(|)a5 and DVcjxZs—none of 
the monovinyl analog was observable) and (2) A series submutants. The loss 
of biosynthetic control was also observed in case 1 above, and, strikingly, 
greater than half the pigments accumulated in a three to four days growth 
of these submutants were the Hg chelates. Series A submutants were 
identical to mutant AJ except for the relative amounts of each accumulated 
porphyrin. At least 3 back mutations (i.e. to the wild-type) were observed 
when third irradiations were made, and one second irradiation back mutation 
was observed. The porphyrin contents (i.e. chls) of these third or second 
irradiation, wild-type reversions were qualitatively the same as the wild-
type. 
The submutants of mutant AJ were exceedingly difficult to ascertain. 
The only decided submutants obtained were those which seemed to have been 
missing the porphyrin biosynthesis control mechanism. These submutants 
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accumulated larger quantities of the chla intermediates. Further attempts 
at finding other submutants of AJ were futile. 
No mutants or submutants were found whose order suggested that 
the intermediates proposed would fit into the chl a pathway other than 
that which logic (dictated by the intermediates* structures) suggests. 
A summary of the correlations (by the contents of the submutants) of 
mutants and submutants giving the delineation of the intermediates was 
shown earlier (Figure 7). 
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DISCUSSION 
Granick (6) had earlier suggested that the pathway to chl a from 
Mg-proto-IX-65 ME to Mg-V<{)a5 consisted of a 3-oxldatlon sequence to yield 
the 63-keto derivative which condensed to the y-methine of the porphyrin 
ring to yield Mg-V^as (Pchllde a) as was shown earlier (Figure 2). Jones' 
(3) use of Rhodopseudomonas mutants grown in a medium containing 8-hydro-
xyqulnollne suggested that the reduction of positions 43,44 followed 
isocyclic ring formation when he Isolated Mg-DV({)a5 from the growth medium. 
Earlier Granick, (9) et. al. had demonstrated that monovinyl proto IX 
(suggesting 43,44-diH-proto IX) was isolated from a Chtorella mutant, 
thereby giving at least a superficial argument against the reduction that 
Jones suggested. The fact that the compound Granick had Isolated was truly 
a 43,44-dihydro derivative had not been fully demonstrated, and since 
another compound Isolated from this mutant was shown to be hemato IX, it 
was suggestive, at least, that the compound was actually a mono-oi-hydro-
xyethyl proto IX and not the 43,44-dihydro-compound. Arguing against Jones* 
conclusion, one could say that the intermediates to chl a and Bchl a need 
not be the same. However, it is generally accepted, because of other 
porphyrin isolates from the i?. spheroides mutants, that the pathways were 
very similar. In addition Jones (59) isolated Mg-A'^^Pchl a from pumpkin 
inner-seed coats further demonstrating the relatedness of chl a and Bchl 
a biogenesis. 
In this present sutdy, the analysis (principally by mass spectrometry) 
of the porphyrins accumulated in Chlovella mutants, and the use of sub-
mutants to delineate the sequence of intermediates has revealed porphyrins 
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which logically fit into this sequence as Granick. had predicted. The 
sequence proposed from this study is shown in Figure 26. It has been 
shown that the compounds isolated contained 0, 1 and 2 vinyl side-chains, 
but that the majority of pigments are of the monovinyl variety (i.e. 60-70%). 
From the use of mutants, one cannot say exactly when the reduction occurs 
in the natural pathway, but from the data available, certain inferences can 
be made about this reaction in this sequence. 
Two B series mutants are discernable. One appears to be normal when 
grown in the light (Pchlide a and Mg-DV(j)a5 accumulate in the dark) ; the 
other does not (Mg-DV(j)a5 only). It may be that the divinyl pathway is 
fatuous. When mutants of the B and A series are grown for longer periods 
(e.g. 7 to 10 days) more of the monovinyl derivative appears; in the A 
series tetrahydro- (i.e. no vinyl side-chains) appear. This is suggestive 
that the reducing enzyme (?) is not specific toward certain substrates. 
The fact that the majority of the pigments extracted are the monovinyl 
variety, coupled with the above results suggest that the monovinyl is the 
most probable pathway and that the divinyl or non-vinyl sequences are 
fatuous. The lack of data showing "meso" (i.e. tetrahydro) compounds in 
the wild-type colonies suggest that this pathway is only found in the 
mutants. 
The suggestion of Mg insertion taking place as early as the proto IX 
step is in keeping with the present findings. However, the isolation of 
such minor quantities of Mg chelates from the mutants is suggestive that 
Mg insertion may not be obligatory at the proto IX step in chl a biogenesis. 
The identification of chlide a in the C series mutants gives additional 
evidence that phytol esterification is the last step in chl a biogenesis. 
proto IX 
Mg-42,A^-ci^-
proto IX-65 y.';  
» 
Mg-43,4A-diH-
663_proto IX-65 MF. 
I k 
Mg-proto IX-
/ s! 
t 65 ME - Mg-AG3-prol pr to 
IX-65 ME 
7 Mg-43,44-dlH-63-0H-proto IX-65 ME 
\ 
I I 
I ' 
I I 
I k 
Mg-63-OH-proto 
IX-65 ME "A 
Ng-dV$ar-65 ME "4 
chlids a ^  
2H 211 
îIg-63-keto-proto •< «• 
IX-65 ME 
1 i  
I \ 
Mg-43 ,44-diH-63-keto- 4^ 
proto IX-65 ME 
Figure 26. Biosynthetic .rcnozcd for the stops fron; X--rrcto IX-65 l'Œ to Mg-V^c 
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SUMMARY 
Through the extensive use of mass, IR, visible, and, in some cases, 
nmr spectrometry on the derivatives (esters, etc.) of porphyrins accumulated 
in mutants of ChtoveZtay a proposal is made for the steps in the chlorophyll 
a pathway between Mg-proto IX-65 ME and Pchlide a based on the structures 
determined. The delineation of the sequence of these compounds in this 
pathway was made through the use of exhaustive submutations. The proposed 
pathway is shown in Figure 26 and agrees with the suggestion for the 
sequence as proposed by Granick (6). 
The pathway includes a 3-oxldation of the 63-propionate side-chain 
of Mg-proto IX-65 ME to yield the 63-keto derivative which undergoes 
condensation with the y-methine carbon to give the isocyclic ring. The 
stage at which reduction of the 42-vinyl side-chain occurs is not resolved, 
but most evidence indicates that the reduction normally occurs at the 
Mg-proto IX-65 ME step. 
The position of methyl esterification is not resolved (i.e. whether 
position 65 or 75 is the monoester) nor is the question of whether the 
Mg chelate is an obligatory substrate in the sequence. 
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APPENDIX A 
Number Systems, Nomenclature, and Abbreviations 
in Porphyrins 
Perhaps the most confusing aspect of porphyrin chemistry and 
biochemistry is the nomenclature and numbering system used. This section 
describes classical and modern numbering systems, the parent compounds via 
which derivatives are named, the structures of chlorophylls, and the 
nomenclature of their derivatives. 
Figure 27 shows (a) the numbering system used by Hans Fischer and 
colleagues (b) the numbering system devised by Wittenberg and Shemin and 
(c) the numbering system proposed by Aronoff and used in the preceding text. 
For example the structure in Figure 27 (d) would be named as 43,44-
dihydro-63-keto-protoporphine IX dimethyl ester as it is most closely 
related to protoporphine IX, Structure 27 (e) could be named A**'-
pheoporphine as or divinyl pheoporphine «Zg. 
Figure 28 Illustrates the parent compounds from which derivatives in 
the text are named. 
Figure 29 illustrates the structures of the various known chlorophylls 
and Figure 30 depicts the nomenclature of the various chlorophyll 
degradation products. Thus examples in 30 would be named as shown. 
Table 8 gives the abbreviations used In the preceding text. 
Figure 27. Numbering systems used in porphines and pheoporphines 
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C) 
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73 63 
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75 65 
Figure 27. (continued) 
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D) 
E) 
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6^COpCH3 
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OoCH 
GOgH 
Figure 27. (Continued) 
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a) •uror/irphine III 
COpH 
b) coproporphine III 
COgH 
ca.H 
c) nnf;of)ortihirio IX d) hrimatoporphine IX 
OH 
OH 
co^ H 
Fim.r'o 28. P'-'-rent porrhiticr; from which pnrphirie doriv.'rtivep are nn.med 
Ill 
d) protoporphine IX 
r 
e) pheoporphine a 
f) phoophorbide a 
V 
g) chloroporphine e^ 
r 
COgH 
Figure 28. (Continued) 
Figure 29. Structures of various chlorophylls 
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protochlorophyll a 
/ 
j L/ 
/ \ 
\ / 
Mg 
/ 
/ 
\\ yJ. 
COgphytyl COgCH^ 
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COgfarnesyl 
chlorobium chlorophylls 
(definitions of R*s on next page) 
Fif^rn 29. (Continuod) 
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Chlorobium Chlorophylls 
650 series 
fraction 1 
2 
3 
4 
5 
6 
660 series 
fraction 1 
2 
3 
4 
5 
6 
Ri 
isobutyl 
n-propyl 
isobutyl 
ethyl 
n-propyl 
ethyl 
isobutyl 
isobutyl 
n-propyl 
n-propyl 
ethyl 
ethyl 
Rz 
ethyl 
ethyl 
methyl 
ethyl 
methyl 
methyl 
ethyl 
ethyl 
ethyl 
ethyl 
ethyl 
methyl 
R3 
H 
H 
H 
H 
H 
H 
ethyl 
methyl 
ethyl 
methyl 
methyl 
methyl 
Figure 29. (Continued) 
Figure 30. Nomenclature of degradation products of chlorophyll a 
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A) 
-PHYLL 
PHYTIN 
— PHYLLIOE 
tMq.-PHYTYL.-Ces 
PYRO 
COOR 
- Mg.-PHYTYL 
— PHORBIOE 
COOR 
PHEOPORPHINE — 
CLEAVAGE 
— PORPHINE 
COOR 
B) 
pyropheophorbide a 
pyropheoporphine 
Firjure 30. ' (Continued) 
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Table 8. Abbreviations used in the text 
Ô-ALA {-aminolevulinic acid 
PEG porphobilinogen 
uro uroporphine 
urogen uroporphyrinogen 
copro coproporphine 
coprogen coproporphyrinogen 
proto protoporphine 
protogen protoporphyrinogen 
hemato hematoporphine 
meso mesoporphine 
V vinyl 
H hydro 
(j)a:5 pheoporphine as monomethyl ester 
$fbd pheophorbide 
(fftn pheophytin 
chlide chlorophyllide 
chl chlorophyll 
Pchl protochlorophyll 
Bchl bacteriochlorophyll 
Cchl chlorobium chlorophyll 
A acetate 
P propionate 
E ester 
M methyl 
D di- (e.g. dimethyl ester=DME) 
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APPENDIX B 
The Spectrometric Identification of Porphyrins 
Mass Spectra 
As shown from the work of Jackson, et. at. (77) the mass spectra of 
porphines nearly always have the molecular ion as the base peak (i.e. the 
largest peak). In porphine derivatives side-chain substituents are cleaved 
one band removed from the macrocycle, but in chlorins (dihydroporphines— 
see Appendix A) the entire substituent is lost from the "reduced" pyrrole 
ring. Generally, chlorin derivatives of chlorophyll lose 147 and 159 mass 
units directly in complex processes marked by strong metastable peaks. All 
porphyrin mass spectra contain doubly-charged ions. Hoffman's study of 
porphyrins and chlorins (78) essentially agree with the results obtained 
above. 
Phytylated compounds yield a weak molecular ion at best and a poor 
spectrum in general. Porphyrins with side-chain carboxylic acids were too 
non-volatile (in fact they decompose thermally) to obtain a spectrum, and the 
esters need to be synthesized. Compounds with hydroxyl side-chains may give 
no or weak molecular ions—hemato IX readily loses 2 H2O to yield a mass 
spectrum almost identical to proto IX DME and base peak at m /e = 590 
Table 9 gives a summary of the mass spectra obtained by Jackson, et. 
al. of some porphyrin compounds. He asses the relative stability of side-
chain constituents as vinyl =CHO > Me > Et > CH2CH2C02Me > n-Pr > CH2CO2ME, 
which series could allow (from the examination of successive losses in the 
spectrum) for the reconstruction the side-chains. 
Table 9. Partial mass spectra of porphlnes and chlorlns' 
Relative Intensities of primary fragmentation products and molecular Ions 
Porphlne ester Mol. wt. ^or^^ 
-H -CH3 -C2H5 C2H5H -OCH3 -HOCH3 -CO2CH3 -CO2CH3 -CH2CO2CO3 
I Octamethyl 422 100 11 5 
II Aetio I 478 100 4 21 2 4 
III Proto-aetlo II 474 100 4 20 3 5 
IV Tetramethyl-
tetrapropyl 
534 100 3 1 25 
V Meso IX 
dimethyl ester 
594 100 4 5 — — 
VI Copro III 
tetramethyl ester 
710 100 3 — —— — 
VII Uro II 
octamethyl ester 
942 100 4 5 — — 
VIII Rhodo XV 
dimethyl ester 
566 100 5 14 — — 
X Haemln 
dimethyl ester 
644 100 8 — — 
XI Phaeo-as 
dimethyl ester 
606 100 4 2 — — 
5 
10 
— 19 16 
11 
61 
21 
43 
60 — 
31 
20 
^rom Jackson, et. dL. Reference 77. 
Table 9. (continued) 
Relative intensities of primary fragmentation products and molecular ions 
Chlorin ester 
M
o
l.
 w
t
.
 
s 1 
g 
1 
to 
œ 
CM 
U 1 
g 
? 
g 
? 
g 
eg 
g 
1 
g 
eg 
O 
U 
CM 
g 
1 
g 
CM 
8 
eg 
g 
CM 
g 
1 
1—1 
1 
m 
iH 
1 
XIV Aetichlorin 480 100 6 12 25 
XV Phaeophorb ide-a 
methyl ester 
606 100 4 4 25 22 2 9 30 — 
XVI Mesophaeophorbide-a 
methyl ester 
608 100 4 3 20 50 2 5 19 — 
XVII Pyrophaeophorbide-a 
methyl ester 
548 100 2 5 2 3 34 
XVIII Chlorin-ee 
trimethyl ester 
638 100 4 5 7 13 16 10 9 20 
XIX Mesochlorin-eg 
trimethyl ester 
640 100 5 3 4 5 — 12 11 9 6 20 
XX Phaeophorbide-i 
methyl ester 
620 100 2 5 7 20 10 ' •  
XXI Mes ophaeophorb ide-6 
methyl ester 
622 100 2 13 5 13 2 2 9 —-
XXII Rhodin-g7 
trimethyl ester 
652 100 5 24 22 15 12 30 
XXIII 2-Vinylrhodochlorin 
methyl ester 
566 100 5 8 2 35 
123 
Finally, in general, the mass spectrum of a given porphyrin obtained 
on different instruments varies only in peak intensity, the side-chain 
losses are "benzylic" in nature, (Figure 31) and the fragmentation of the 
porphyrin macrocycle is nil. 
InTra-rtid «pectra 
The j It spectra of porphyrins (79) and of chlorophylls (80) and their 
derivatives liave been studied rather extensively. Assignments have been 
made to absorption frequencies by comparative group studies; many 
absorption bands are due to the porphyrin ring itself. This Appendix 
tabulates the possible side-chains of porphyrins and chlorins with their 
IR frequency assignments (Table 10). 
Of special interest is the carbonyl region because of its 
characteristic, sharp bands. Earlier Figure 10 showed typical, carboxylic-
side-chain porphyrins and their characteristic IR spectra. Other side-
chaiu compounds such as vinyls, ethyls, (hydrocarbons in general) etc. 
would be characterized by additional means as the IR is equivocal in these 
cases. 
It should be noted that acyclic (e. g .  acetyl) and cyclic ketones 
(e.g. chl a, b, etc.) differ considerably in absorption frequency but the 
acyclic ketone and aldehyde are similar, although a difference in sharpness 
and intensity exists in the absorption bands. Free carboxylic side-chains, 
generally, have shoulders at least on the 1730 cm~^ band. 
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[Porphyrin-CHz-R]^ • Porphyrin-CHa^ + R* 
Figure 31. "Benzylic" fragmentation of porphyrin side-chains, as 
observed from their mass spectra 
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Table 10. Infra-red absorption frequency assignments given to various 
porphyrin substituents^ 
Substituents 
N-H 
ester carbonyl 
isocyclic ring carbonyl 
carbonyl—unesterified carboxyl 
formyl carbonyl 
ketone carbonyl 
skeletal double bonds 
ester C-0 
side-chain hydroxy 
vinyl side-chains 
acrylic side-chains 
Frequency (cm~^) 
3280-3400 
1730-1743 
1690-1708 
1683-1700 
1658-1665 
1658-1665 
1600-1620 
1160-1200 and 1035-1170 
—1050 
980-990 and 910-923 
— 973 
^From Katz et. at, , Reference 80 and Falk and Willis, Reference 79. 
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Visible spectra (From Reference 74) 
The visible spectra of porphyrins can be separated into seven classes 
(dication = métallo) shown in Figure 32. Neutral porphyrins have four bands 
in the visible region (I-IV). Neutral or acidic chlorins have a large "red" 
maximum ('650 nm). In addition porphyrins have a Soret band ('^400 nm). 
In the case of porphines, the Soret band is 10-20 times the intensity of 
the visible bands. 
An aetio-type spectrum (named for the visible spectrum of aetio-
porphine. Figure 33) has visible band intensities IV > III > II > I 
(Figure 32). The addition of electrophilic side-chains (e.g. vinyl, formyl, 
acrylic acids, etc.) perturbs this spectrum to yield rhodo, oxorhodo, or 
phyllo-type spectra. These are discussed below. 
When neutral porphyrin molecules approach square symmetry—by 
protonation to the dication, deprotonation to the dication or metallic 
chelation, only two visible bands are seen (Figure 32). In metallo-
porphyrins (band I of the dication or dianion) the a-band is related to 
bands I and III of the neutral porphyrins, whereas bands II and IV are 
related to the 3"band (band II of the dication or dianion) of the 
metalloporphyrin. 
Iron porphyrin complexes, especially the pyridine hemochromogens, 
or the hemins (preparation in Appendix D) have been widely used for 
structure determination of porphyrins, because of their subtle differences 
in visible absorption properties. Table 11 presents visible spectra for 
some hemins in ether. The pyridine hemochromogens generally consist of an 
a- and g-band and a double Soret peak; hemins have four visible bands. 
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rhodo aetio 
IV 
III 
phyllo oxorhod o 
g 
dication monocation 
motal. loporphine cblorin 
-> 
wavelength (nm) 
Figure 32. Types of visible absorption spectra of porphines and chlorins 
Figure 33. Porphyrins for which visible absorption spectral types are 
named 
I 
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aetioporphine rhod oporphine 
oxorhodoporphine 
(23-keto-rhodoporphine) 
/ ''"3 
COgH 
"Y-phylloporphine XV 
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Table 11. Visible absorption spectra of some hemins in ether^ 
Haemin absorption maxima (nm) 
Haem 
IV III II I 
Meso IX 506-508 534 585 632-634 
Deutero IX 505 530 570 626-628 
Proto IX 512 539-540 585 638 
2(4)-Acetyldeutero IX 507 540 585 633 
4-Formyldeutero IX 507 547 600 630 
2-Formyl-4-vinyldeutero IX 
(chlorocruoro) 
510 548 605-610 650 
Haem a 505 550 600 660 
2,4-Diacetyldeutero IX 515 544 590 640 
2,4-Diformyldeutero IX 517 550 590 645 
^From Falk, J. E., Reference 74. 
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Correlations exist between the side-chains of porphyrins, and the 
positions and relative intensities of their visible absorption bands. Much 
use of these correlations can be made to determine the structures of 
unknown porphyrins. 
The aetio-type visible spectrum (IV > III > II > I) occur when 6 or 
more positions (of the pyrroles) carry side-chains such as methyl, ethyl, 
acetate, or propionate (insulated carboxyls). Regardless of the 
orientation of these groups about the porphyrin, the visible spectrum 
type does not change (Table 12a). 
The phyllo-type spectrum (IV > II > III > I, Figure 32) named after 
phylloporphine (Figure 33) is produced when a porphyrin with an aetio-type 
spectrum is substituted at a single methine position by an alkyl group 
% 
(Table 12b). 
The rhodo-type spectrum (named after rhodoporphine. Figure 33) 
occurs when a single conjugated carbonyl, a carboxylic acid ester, or an 
acrylic acid side-chain is substituted on the porphine ring. In this case 
band III becomes more intense than band IV (III > IV > II > I). These 
electron-attracting groups also cause a spectral shift to longer wave­
lengths and are called "rhodofying groups" (Table 12a). Vinyl side-chains 
have virtually no effect (Table 12a) nor do oximes (Table 12c). Oxime 
formation generally reverses the rhodofying group's effect (Table 12c), 
yielding the aetio-type spectrum and a shift to shorter wave-lengths. Two 
vicnal pyrrolic rhodofying groups cancel each other (Table 12c) but enhance 
the shift to longer wave-lengths (Table 12c). Oxime formation by these 
compounds regenerate the aetio-spectrum at shorter wave-lengths (Table 12c). 
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Isocyclic rings have a very large rhodofying effect (Table 12c). 
Their spectra are generally the oxorhodo-type; the oxime derivative is of 
the rhodo-type; the alcohol, phyllo-type. 
These spectral types enables one to propose structures for porphyrins 
through the observation of visible spectra of the parent compound and 
derivatives when one compares these results with that of porphyrins with 
known side-chains. 
For example, if a compound were a 63-keto proto IX derivative, one 
could compare the visible spectra of this porphyrin and its reaction 
(i.e. alcohol, oxime, etc) products with the visible spectra of products 
of formyl and acetyl porphyrins (readily obtainable) to see which side-
chain reactions most closely approximate that of the unknown. The unknown 
and acetyl prophyrin may not change in visible spectrum during resorcinal 
melt treatment, but the formyl would (to aetio). 
The unknown and the formyl may add CH3OH (in HCl-"acetal" reaction. 
Appendix D—Page 147) which can be observed in the visible spectra (Table 
12d). The results of many such tests could lead to a postulation of the 
structure, especially if combined with other spectrometric data. 
Table 12. a) Visible absorption spectra of various porphyrins and their derivatives (Reference 74) 
Porphyrins Solvent 
^ (my) 
max_ 
idM 
Soret IV III II la I 
Uro I and III CHCI3 X 406 502 536 572 627 
octa methyl ester e 215 15.8 9.35 6.85 4.18 
Dioxan X 499 531 569 596 624 
e 15.25 9.26 6.99 1.39 3.93 
Copro I and III CHCI3 X 400 498 532 566 594 621 
tetramethyl ester e 180 14.34 9.92 7.13 1.48 5.0 
Ether X 397 498 527 568 596 623 
e 172 15.12 10.58 7.27 1.32 6.69 
Pyridine X 401.5 498 531 567 595-6 622 
E 173 15.05 10.06 7.28 1.72 5.15 
Dioxan X 398 497 530 566 595 621 
e 177 15.35 10.3 7.24 1.4 5.41 
Proto IX CHCI3 X 407 505 541 575 603 630 
dimethyl ester e 171 14.15 11.6 7.44 2.03 5.38 
Ether X 404 503 536 576 605 633 
e 158 14.8 11.86 6.63 1.54 6.57 
Pyridine X 409 506 541 576 605 631 
E 163 14.89 11.87 7.48 2.0 5.54 
Dioxan X 406 504 538 575 603 631 
E 164 14.7 11.59 6.86 1.41 5.60 
Deutero IX CHCI3 X 399.5 497 530 566 593 621 
dimethyl ester £ 175 13.36 10.1 8.21 2.21 4.95 
Ether X 395 492 524 566 595 621 
E 170 14.04 8.61 6.19 1.24 5.18 
Pyridine X 400 497 529 566 593 620 
E 175 14.5 7.84 6.32 1.32 3.85 
Dioxan X 397 495 525 565 593 618 
E 170 15.95 8.59 6.8 1.29 4.33 
Table 12. a) continued 
Porphyrins Solvent ^max Soret IV III II la 
mM 
Meso IX 
dimethyl ester 
Haemato IX 
dimethyl ester 
Aetio I 
2(4)-Monoformyl-
deutero IX 
dimethyl ester 
2,4-Diformyl-
deutero IX 
dimethyl ester 
CHC13 À 400 499 
e 166 13.56 
Ether X 395.5 497 
e 158 13.81 
Pyridine X 401 498 
e 160 14.37 
Dioxan X 397 497 
e 166 14.29 
Pyridine X 402 499.5 
e 175.5 14.7 
CHCI3 X 399.5 
E 160 
Dioxan X 496 
£ 13.6 
Ether X 510.5 
CHCI3 X 515 
Ratios 1.0 
Dioxan X 512 
Ratios 1.0 
Ether X 521 
X 435 526 
CHCI3 E 137.5 12.6 
Ratios 10.9 1.0 
CHCI3 X 437 527 
Ratios 10.12 1.0 
533 
9.62 
526 
10.21 
532 
10.0 
529 
9.67 
532 
9.04 
528 
9.5 
550.5 
555 
1.79 
551 
1.43 
557.5 
562.5 
7.70 
0.61 
563 
0.58 
567 594 621 
1. 69 4. 87 
567 596 623 
1. 35 6. 64 
567 595 621 
1. 68 5. 2 
567 595 621 
1. 36 5. 36 
569. 2 596 623 
6. 57 1. 26 4. 35 
566 595 621 
5. 95 1. 36 5. 18 
578 
580 
1.037 
578.5 
0.85 
593 
595 
6.48 
0.51 
596 
0.47 
640.5 
641 
0.175 
640 
0.223 
648 
651 
3.48 
0.28 
650.5 
0,265 
Table 12. b) Visible absorption spectra of chlorophyll a and derivatives (Reference 74) 
Compound Solvent ^max^™ ^ 
a and e 
400— 420— 450— 500— 
420 450 500 520 
mM 
520- 550- 580- 600- 650-
550 580 600 650 700 
Chlorophyll a. Ether À 
a 
410 
85.2 
430 
131.5 
533.5 578 
4.22 9.27 
615 662 
16.3 100.9 
Acetone 
(80%) 
X 
a 
433 
101.5 
536 
4.78 
582 618 665 
11.6 19.6 90.8 
Phaeophytin a Ether A 
a 
408.5 
132.0 
471 505 534 560 
5.1 14.6 12.6 3.6 
609.5 667 
9.8 63.7 
Dioxan 506 535 559 
10.1 8.65 3.2 
609 667 
6.98 43.0 
Acetone 
(80%) 
X 
a 
409 
130.9 
472 505 536 (558) 
6.3 15.0 13.12 (5.23) 
610 666-667 
11.9 56.6 
Methyl phaeophorbid a Dioxan 
Chlorin ae («s) 
methyl ester 
Chloroporphyrin a 
trimethyl ester 
Dioxan 
Dioxan 
'raM 
X 
'mM 
X 
'mM 
506 536 560 
11.04 9.27 2.84 
500 529 559 
13.2 5.21 2.0 
506 543 576 
12.63 8.09 6.73 
610 666 
7.77 52.76 
610 664 
4.09 53.25 
629 
1.7 
Table 12. b) (Continued) 
Compound Solvent 400- 420- 450- 500- 520- 550- 580- 600— 
420 450 500 520 550 580 600 650 
Vinylchloroporphyrin Sg Dioxan X 409 512 550 579 633 
trimethyl ester 
^mM 
205.0 11.4 10.4 7.2 1.3 
Phaeoporphyrin as Dioxan A 417 521 562 583 634 
monomethyl ester 
^mM 
193.0 9.39 16.06 12.61 1.88 
Phylloerythrin Dioxan X 517.5 557.5 581.5 634 
monomethyl ester 
^mM 10.51 15.94 10.51 2.3 
Desoxophylloerythrin Dioxan X 496 530 564 589 615 
monomethyl ester 16.67 3.56 6.29 1.31 6.54 
Y-Phylloporphyrin Dioxan X 502 533.5 573.5 627 
monomethyl ester 15.98 5.06 6.07 1.53 
Protochlorophyll a Ether X 432 535 571 623 
(Mg-vinylphaeoporphyrln as a 305.9 6.8 14.0 36.9 
phytyl ester) 
Acetone X 432 535 571 623 
a 270.5 6.9 13.5 34.9 
Protophaeophytin a Ether X 417 524 565 585 638 
(vinylphaeoporphyrin as a 256.6 11.7 25.1 17.3 2.5 
phytyl ester) 
Vinylphaeoporphyrin o. Dioxan X 4.9 525 567 588 638 
monomethyl ester 
^mM 
193.0 8.25 17.7 14.0 2.15 
Table 12. c) Various porphyrins and their oximes (Reference 96) 
Absorption maxima (my.) and ratios of intensities 
(in parentheses) 
Compound Solvent I II III IV 
Monoformyldeuteroporphyrin Dioxan 
Chloroform 
640 
641 
(0.223) 
(0.175) 
578-5 
580 
(0.850) 
(1.037) 
551 
555 
(1.430) 
(1.790) 
512 
515 
(1.0) 
(1.0) 
Mono f ormyldeu ter op o rp hyr in 
oxime 
Dioxan 
Chloroform 
630 
630 
(0.225) 
(0.213) 
575 
574 
(0.558) 
(0.598) 
540 
543 
(0.948) 
(1.010) 
504 
506 
(1.0) 
(1.0) 
2:4:Diformyldeuteroporphyrin Dioxan 
Chloroform 
650 
651 
(0.184) 
(0.228) 
593 
595 
(0.458) 
(0.490) 
559 
562 
(0.585) 
(0.600) 
523 
525 
(1.0) 
(1.0) 
2:4-Diformyldeuteroporphyrin 
dioxime 
Dioxan 
Chloroform 
639 
640 
(0.309) 
(0.285) 
583 
582 
(0.485) 
(0.485) 
546 
550 
(0.785) 
(0.820) 
512 
514 
(1.0) 
(1.0) 
Monoacetyldeuteroporphyrin Chloroform 634 (0.193) 578 (0.735) 548 (1.145) 511 (1.0) 
Monoacetyldeuteroporphyrin 
oxime 
Chloroform 622 (0.237) 570 (0.500) 536 (0.732) 502 (1.0) 
2:4-Diacetyldeuteroporphyrin Dioxan 
Chloroform 
639 
640 
(0.246) 
(0.258) 
588 
588 
(0.425) 
(0.460) 
552 
552 
(0.525) 
(0.545) 
516 
518 
(1.0) 
(1.0) 
2:4-Diacetyldeuteroporphyrin 
dioxime 
Dioxan 
Chloroform 
625 
626 
(0.220) 
(0.253) 
576 
573 
(0.409) 
(0.484) 
537 
538 
(0.588) 
(0.632) 
503 
506 
(1.0) 
(1.0) 
Oxorhodoporphyrin Dioxan 637 (0.270) 583 (1.280) 557-•5(2.395) 515 (1.0) 
Oxorhodoporphyrin oxime Dioxan 631 (0.089) 575 (0.892) 548 (1.747) 509 (1.0) 
Phylloerythrin Dioxan 637--5(0. 224) 583-5 (0.984) 559 (1.469) 519 (1.0) 
Phylloerythrin oxime Dioxan 628--5(0. 145) 574 (0. 675) 549 (0.993) 512 (1.0) 
Table 12. c) (Continued) 
Absorption maxima (my.) and ratios of intensities 
(in parentheses) 
Compound Solvent I II III IV 
Phaeoporphyrin as Dioxan 
Chloroform 
634 
639 
(0.202) 
(0.310) 
583 
588 
(1.343) 
(1.550) 
562 
568 
(1.710) 
(1.640) 
521 
525 
(1.0) 
(1.0) 
Phaeoporphyrin as oxime Dioxan 
Chloroform 
625 
627 
(0.150) 
(0.170) 
573 
576 
(0.833) 
(1.100) 
550 
556 
(1.117) 
(1.370) 
512 
517 
(1.0) 
(1.0) 
Porphyrin a Dioxan 
Pyridine 
648 
647 
(0.400) 
(0.301) 
582 
582 
(1.040) 
(1.097) 
557 
559 
(1.640) 
(1.512) 
515 
516 
(1.0) 
(1.0) 
Porphyrin a oxime Pyridine 643 (0.229) 578 (0.724) 551 (1.233) 512 (1.0) 
Porphyrin a ester Chloroform 645 (0.275) 585 (1.310) 562 (1.780) 518--5(1.0) 
Table 12. d) Absorption spectra of carbonyl porphyrins before and after treatment with methanol-
hydrochloric acid (Reference 3) 
Maxima (my) 
Porphyrin Before treatment After treatment 
monoforntyldeuteroporphyrin 640.5 578 550. 5 510.5 623 568 526. ,5 497 
diformyldeuteroporphyrin 648 593 557. 5 521 625 570 528 498. ,5 
chloro cruoroporphyrin 642 583 555 514.5 628 573 532 500. 5 
cryptoporphyrin 642 584 555 515 628 574 532 501 
porphyrin a 646 582 558 517 632 571.5 538. 5 502. 5 
monoacetyldeuter op orphyr in 634.5 576 543 505.5 633 576 542. 5 503 
diacetyldeuteroporphyrin 639 586 546. 5 512.5 638.5 584 545. 5 510. 5 
Table 12. e) Effect of diazoacetic ester on the absorption maxima of some vinyl porphyrins 
(solvent = ether) (Reference 3) 
Absorption maxima of Absorption maxima of 
porphyrin (my) diazoacetic ester adduct (mji) 
Band 
I 
Band 
II 
Band 
III 
Band 
IV 
Band 
I 
Band 
II 
Band 
III 
Band 
IV 
Vinyl phaeoporphyrin as monomethyl 
ester 
638 586 566 524 636 583 564 523 
Protoporphyrin 633 576 536 503 627 572 532 501 
Compound 7 643 590 567 527 639 585 563 525 
Effect of hydrogénation on the spectra of some vinyl-substituted porphyrins (solvent = ether) 
Absorption maxima of the hydrogenated 
derivative (my) 
Band Band Band Band 
I II III IV 
Vinylphaeoporphyrin as monomethyl ester 634 581 562 520 
Protoporphyrin 623 567 526 497 
Compound 7 635 581 562 520 
Diacetyldeuteroporphyrin dimethyl ester 639 586 546 512 
Table 12. f) Visible spectra of various porphyrins in HCl (Reference 74, 88) 
Porphyrin %(w/v)HCl Absorption 
II 
max, 
I 
Rel. intensity 
protoporphine IX 25 554 598 II > I 
62-acetyl pyrroporphine XV 25 561 610 II > I 
monoformyl deuteroporphine 25 563 612 I > II 
62-formyl pyrroporphine XV 25 565 615 I > II 
mesoporphine IX 0.5 547 590 II > I 
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APPENDIX C 
HCl Numbers 
WlILstatter defined the HCl number of a porphyrin as the percent 
aqueous HCl (w/v) that extracts two-thirds of the porphyrin from an equal 
volume of an diethyl ether solution (89). The HCl number of a porphyrin is 
proportional to both its basicity and its ether-water partition coefficient. 
For example, chlorins (72,82-dihydroporphines) are more ether soluble 
than porphyrins, thus their HCl numbers are higher. Isocyclic rings, 
acetyl, and formyl side-chains increase the basicity of porphyrins, 
therefore their HCl numbers are higher than porphyrins without these 
groups. Esters of porphyrins have higher HCl numbers than the free 
carboxylic acids (Table 13) since they are more ether-soluble. 
The extraction of ether solutions of porphyrins by HCl numbers can 
serve a two-fold purpose. First, porphyrins that vary enough in HCl 
number may be almost completely separated from each other. Secondly, the 
HCl number determination can, in a gross sense, aid in the identification 
of unknown porphyrin structures. 
HCl numbers of the free base esters of the intermediates between 
Mg-proto IX-DME and Mg-Vcjws were presented earlier (Table 7). 
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Table 13. HCl numbers of various porphyrins and porphyrin esters^ 
Porphyrin HCl number 
Free acid Ester 
pheophytin a 29 
pheophorbide a 15 16 
chlorin ee 8 
pheophytin b 35 
pheophorbide h 19.5 21 
rhodin g7 12-13 
pheoporphine as 9 
vinylpheoporphine as 11-12 
uroporphine 5.0 
coproporphine 0.09 1.7 
hematoporphine 0.1 
deuteroporphine 0.3 2.0 
mesoporphine 0.5 2.5 
aetioporphine 3.0 
protoporphine 2.5 5.5 
chlorocruoroporphine 4.6 
rhodoporphine 4.0 7.5 
pyrroporphine 1.3 2.5 
phylloporphine 0.35 0.9 
pyrrochlorin 6.0 
phyllochlorin 6.0 
^Fischer et. al. ^ References 88 and 90. 
144 
APPENDIX D 
The Chemistry of Various Porphyrin Side-Chains 
Vinyl side-chains 
Reduction to ethyl Catalytic hydrogénation is the method of choice. 
The porphyrin (1 mg. or less) is added in glacial acetic acid to glacial 
acetic acid containing about one mg. platinum black (PtOa) and allowed to 
react 10 min. at 40° at one atmosphere pressure. The acetic acid solution 
is then added to ether shaken vigorously one to two minutes to allow 
reoxidation of any inogens formed. The ether is then washed free of acetic 
acid, and the ether evaporated (3). 
An alternative and classical method of reduction is through Hl-acetic 
acid treatment (90, 91), but the yield is low, generally less than 50%. 
The hydrogénation proceeds in about 100% yield. 
Addition of diazoacetic ester The diazoacetic ester is added to an 
ethereal solution of the porphyrin. The ether is evaporated with a stream 
of nitrogen, the vessel is stoppered, and kept 24 hrs. at room temperature. 
The residue is then dissolved in ether, extracted into 10% (w/v) aqueous 
HCl, and the porphyrin-adduct forced into ether (NaHCOs) for examination 
of its spectrum. If carbonyl groups are present, they may be protected as 
the oximes (92). 
Hydration The porphyrin is dissolved in 50% (w/v) HBr in acetic 
acid and left in a stoppered tube overnight at room temperature, (small 
preparations need only stand 4 hrs.). It is helpful to remove free Brg by 
flushing the solution with N2 prior to leaving it stand. Afterwards, 5% 
aqueous HCl (w/v) is added, and the solution let stand at 0° for 24 hrs. in 
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a Ng atmosphere (small preparations—a few hrs.) to complete hydrolysis. 
The product is extracted into ether (93). 
Removal in the resorclnol melt The porphyrin is placed in an excess 
of resorcinol and heated (air-condenser) on an oil bath at 150-160° for 
15 min. In addition to vinyl side-chains, hydroxyethyl, hydroxymethyl and 
formyl groups are removed similarly; a-ketonyl and carboxylic acid groups 
are not, unless the temperature exceeds 200° (93). 
Hydroxyl-containing side-chains 
Oxidation to ^  carbonyl group A stream of nitrogen is passed 
through an acetone solution of the porphyrin for five minutes. Then a drop 
or two of dilute chromium trioxide reagent (26.7 g CrOa in 23 ml. 
concentrated HgSO^, diluted to 100 ml.) are added. 
After 1 min. the porphyrin is extracted into ether and the solution 
washed first with aqueous FeSO^ and then with water (93). 
Dehydration of a-hydroxyethyl or larger side-chain groups a-hydro-
xyethyl side-chains have been completely dehydrated by heating the porphyrin 
in vaouo at 135-150° for 5-10 min. (90, 91). This method is not the 
method of choice as it was difficult to repeat (93). 
Another method which does work satisfactorily for dehydrating 
a-hydroxyethyl side-chains is as follows: The porphyrin ester (1 mg.) is 
heated 6 hours in benzene containing 2 mg. p-toluene-sulfonic acid. The 
benzene solution is washed (water), dried (NagSO*), and evaporated (93). 
For dehydration of g-hydroxypropionate side-chains the porphyrin is 
dissolved in pyridine (10 ml.) with two weight equivalents of p-toluene-
sulfonic acid and refluxed 24 hrs. The pyridine solution is cooled and 
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added to ether and the pyridine is washed out with 0.5% (w/v) aqueous HCl. 
The product (esterified) is purified by chromatography (49). 
Carboxylic acid side-chains 
Esterification by diazomethane Diazomethane is prepared from 
N-methyl-N-nitroso-p-toluene sulfonamide (Diazald). The Diazald is 
dissolved (2.2 g. eventually will esterify up to 50 rag. protoporphyrin) in 
ethyl ether (50-100 ml.) and added dropwise to a mixture of KOH (5 ml. of 
a solution of 25 g. KOH in 40 ml. HgO) and ethanol (12.5 ml.) at 65°. 
After the ether solution is used up a few ml. ether are added to distil 
off the last bit of diazomethane. The vapors are condensed and collected 
in a flask (ice bath)(94). 
The diazomethane solution is added to an ethyl ether solution of the 
porphyrin (does not have to be dried). After 5 min. the diazomethane may 
be destroyed with dilute acetic acid (1:10) and the ether solution washed 
(74). Mg chelates may be esterified similarly, but the diazomethane is 
destroyed by shaking the ether solution vigorously for 2-3 min. with an 
equal volume of water. 
Alternatively, nitrosomethylurea may be used for generation of the 
diazomethane. In the work done in the preceding text, the use of 
diazomethane for esterification was superior to any method used. 
Es terif ication by mineral acid-alcohol The porphyrin is dissolved 
in methanol saturated with HCl gas or containing 5% (w/v) concentrated 
H2SO1, and left in the cold 24 hr. or more; vinyl side-chains partially 
hydrate after 18 hr. (95). 
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Carbonyl-contalnlng side-chains 
Oxime formation The porphyrin is refluxed 15 min. in pyridine with 
a few crystals of hydroxylamine hydrochloride added. The oxime is 
transferred to ether (96). 
Bisulfite addition The porphyrin is dissolved in a mixture of 
pyridine-water (4:1) to which are added a few crystals of NaHSOs. The 
solution is allowed to stand at room temperature. Within 30 min. the 
bisulfite complex of a formyl group is formed, and the rhodo-spectrum 
becomes aetio. Unhindered ketone carbonyls may be added slowly over longer 
periods (93, 97). 
"Acetal" reaction The porphyrin (1 mg.) is dissolved in 10 ml. 
methanol containing 6-8 drops of concentrated HCl, the solution is heated 
in a boiling water bath for 5 min. The solution is added to ether, and 
this mixture is washed with sodium acetate to neutralize the HCl. Then 
acetic acid is washed out with dilute NaHCOg (incomplete neutralization 
will lead to partial hydrolysis). The effect on the visible spectrum is a 
shift to longer wave-lengths and the electron-withdrawing effect of the 
group is lost. 
Acetals may be hydrolyzed with 5% HCl. 
The reaction is not given by acetyl groups or by the isocyclic ring 
keto (93). 
Reduction to hvdroxyl groups The porphyrin (1 mg.) is dissolved 
in ether containing 20 mg NaBHi» (a suspension) and allowed to stand over­
night at room temperature. Then 0.5% (w/v) aqueous HCl is added to destroy 
the remaining NaBHi*, the hydroxylated porphyrin remaining in ether. The 
ether solution is washed free of acid and evaporated to dryness (93). By 
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adding the; NalMii», in a few drops of methanol, to the ethereal porphyrin 
solution, the reduction Is complete in 15 min. (98). 
Molisch phase test Isocyclic rings undergo a phase test when an 
ethereal solution of the phorbin (with an active 64-hydrogen) is layered 
over alcoholic-KOH (30% w/v). The enolate ion or "phase test intermediate" 
appears at the boundary between the two liquids. The phyllin (chlorin) is 
extracted into the alcohol layer. The phase test (+) is considered proof 
of the presence of the 63-k.eto, 64-hydrogen, and 65-carboxymethyl group in 
the isocyclic ring (99). 
Saponification of the isocyclic ring Alkaline hydrolysis of 
pheophorbide a produces chlorin ee. The reaction is carried out by boiling 
the porphyrin in alcoholic KOH (40% w/v) for 30 seconds. The product is 
poured into ether and the mixture is washed with water to remove alcohol 
and KOH (100). The product is highly impure and should be re-esterified and 
chromatographed. 
To produce the corresponding chloroporphyrins of pheoporphines, a 
method has been developed that leads to a clean, esterified product 
(chloroporphyrin). The porphyrin is added to methanolic-HCl (30% w/v) and 
left stoppered overnight at room temperature. The solution is diluted with 
ice water, neutralized with sodium acetate, extracted into ether, and the 
ether solution extracted by 2.2% (w/v) HCl to give the chloroporphyrin in 
high yield. The pigment in HCl is reworked into ether for further use (8). 
Acrylic acid side-chains 
Acrylic acid side-chains undergo essentially the same reactions as 
vinyl side-chains: reduction, diazoacetic ester addition, and hydration. 
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These reactions all reverse the affect of the acrylate side-chain on the 
visible-spectrum (rhodo aetio). In addition acrylic side-chains can add 
CH3OH by refluxing of the porphyrin in methanolic-HCl (84). 
The porphyrin is dissolved in methanol containing dry HCl (gas) 
(1/10 saturated) and refluxed 20 hrs. The products (also, esterified) are 
cooled, added to ether,and the HCl-methanol washed out with aqueous sodium 
acetate. 
Chromic acid oxidation (Reference 101) 
3.3 g. of chromium trioxide, dissolved in 10 ml. distilled water, is 
added dropwise for 1 hr. into a -10°solution of the tetrapyrrole (1-50 mg.) 
in H2SO4 [25% (w/v)]. The solution is then stirred at -10° for 2 hrs. 
and an additional 2 hrs. at room temperature. 
The solution is extracted with diethyl ether in a separatory funnel 
(6 X 50 ml.), or overnight in a liquid-liquid extraction apparatus. 
The extract is separated into neutral and acidic fractions by shaking 
with 100 ml. of 5% (w/v) aqueous NaHCO3. The NaHCOs solution, containing 
the acidic maleimides, is re-extracted with fresh ether which is returned 
to the original ether extract; this is the neutral fraction. The NaHCOs 
extract is acidified to pH 2.0 with dilute H2SO4, and then extracted with 
ether (4 x 50 ml.). This is the acidic fraction. Both acidic and neutral 
fractions are dried with NazSO^ (anhyd. powder) and evaporated to dryness 
at room temperature. 
Analysis of the maleimides indicates the side-chain substituents of 
individual pyrroles. 
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APPENDIX E 
Preparations of Some Reference Porphyrins 
Derived from Heme and Chlorophyll a 
Heme derivatives 
Protoporphine IX - removal of iron (Refs. 102, 103, 104) The mildest 
and most convenient method of removing iron from hemins is the use of the 
ferrous sulfate method. The hemin (1.0 mg.) is dissolved in a drop or two 
of pyridine and the solution is diluted to 10 ml. with glacial acetic acid. 
The reaction is carried out (in an N2 at atmosphere) by adding a fresh 
solution of FeSOif (40 mg.) in concentrated HCl (0.4 ml.). Gentle heat may 
be applied (e.g. hot water bath), and the reaction is complete within 5 min. 
The solution is poured into a mixture of ether and aqueous sodium acetate 
in a séparatory funnel, and the porphyrin recovered. 
In preparations of up to 50 mg. of protoporphine IX, the reaction is 
essentially 100%. 
Insertion of iron - hemin formation (Refs. 102, 103, 104) The 
porphyrin is dissolved in 1 ml. pyridine and 50 ml. glacial acetic acid, 
and then. Immediately, 1 ml. of a strong aqueous FeSO* solution is added. 
N2 is passed through the solution which is kept at 80*C for 10 min. 
Conversion to the hemin is at least 90% complete. The pigments are allowed 
to stand in air for autoxidation to the ferric conqplex, and the pigments 
are then taken to ether. Residual porphyrins are extracted with 25% (w/v) 
aqueous HCl. 
Insertion of magnesium (Ref. 81) The porphine (not chlorin) is 
dissolved in pyridine (up to 3% (w/v) water does not hinder the reaction) 
added to a glass ampule containing a few crystals or Anhydrone (magnesium 
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perchlorate) or magnesium chloride. The ampule is sealed and autoclaved 
2 hrs. at 18 lbs. The product, after cooling, is poured into ether and 
the pyridine removed by washing with water. Evaporation to dryness 
removes residual traces of pyridine. 
Mesoporphyrin IX - see Appendix D—Page 144 
Hematoporphyrin IX - see Appendix D—Page 144 
Chlorophyll derivatives 
Chlorophyll a (Ref. 105) Chlorophyll a is prepared from extracts 
of green leaves by chromatographic separation of the extracts on sucrose 
with petroleum ether n-propanol as developer (results are shown earlier 
in Figure 8). 
Fresh leaves are ground in a blendor with reagent acetone, and the 
acetone extracts filtered through cheese cloth to remove debris. The 
acetone solution is mixed with an equal volume of petroleum ether, and 
then the acetone is rinsed out with several water washings. Carotenoids 
are partially removed by shaking the petroleum ether solution with equal 
volumes of 80% methanol (20% water) several times. (The first treatment 
should be gentle to avoid emulsions). Then the residual methanol is 
washed out by repeated water rinsing of the petroleum ether solution. The 
petroleum ether solution should be dried thoroughly (with anhydrous NaaSO^ 
powder) and immediately added to a sucrose column. (Alternatively, the 
solution may be evaporated to dryness and stored in a freezer under Ng). 
For chromatography a minimal amount of diethyl ether is added to dissolve 
pigments, and then at least a nine-volume equivalent of petroleum ether is 
added. This solution is added to the sucrose column. Once the pigments 
152 
are on the column, a rinsing with a small amount of 10% diethyl ether in 
petroleum ether removes the pigments on the upper column walls and carries 
the carotene band further away from the chlorophylls. The column is 
developed finally with 0.5% (v/v) n-propanol (or iso-propanol) in 
petroleum ether. 
Pheophytin (Ref. 92) Chlorophyll a in ether is shaken in a 
separatory funnel with an equal volume of 6N HCl for 1 to 2 min. (the color 
changes to brown or gray depending on the concentration). The solution 
is washed several times with water to remove acid, and the ether 
evaporated. The product is chromatographed on sucrose (5:995-n-propanol 
petroleum ether) to obtain very pure pheophytin a (results are presented 
in the text—Figure 8). 
Pheophorbide (Ref. 106) Chromatographically pure pheophytin a 
in diethyl ether is layered over cold, concentrated HCl, and the two layers 
are gradually mixed by intermittent shaking for 1 hr. (4°C). Afterwards, 
5 liters of cold water are added slowly to the mixture and the pigments 
enter the ether layer. Extraction (two or three times) of the ether 
solution with HCl No. 17 gives pheophorbide a in 80% yield. Ether is added 
to the acidic extracts, which are then diluted, forcing the pheophorbide a 
into ether (traces of the pyropheophorbide a are present). 
Chlorin es - see Appendix D—Page 148 
Pyropheophorbide a (Ref. 107) Pheophorbide a (50-100 mg.), 
dissolved in 10 ml. pyridine, is placed in a glass ampule which is cooled, 
evacuated with water aspirator, and sealed. The sealed tubes are heated 
on a boiling water bath for 48 hrs. or in a muffle furnace at 160° for 
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2 hrs. After cooling, the tubes are opened, and the pyridine evaporated to 
obtain the crude pyro-derivate. Esterification and chromatography enhance 
the purity of this compound (yield 80%). 
Pheoporphine as (Ref. 92) Pheophorbide a (25-100 mg) are dissolved 
in 30 ml. glacial acetic acid and heated with a water bath at 65°. 
Hydriodic acid (2 ml.) (Sp. gr. = 1.96) are added and reduction is 
essentially complete in 2 min. (a color change of green to dark red is 
observed). The solution is added to 1 liter cold water containing 5 grams 
sodium acetate, and the crude pheoporphine as precipitated. The crystals 
are collected by filtration. Esterification and subsequent sucrose 
chromatography greatly increase the purity of this product (yield 90%). 
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APPENDIX F 
Growth Media Used for Growing High-Temperature Strain of Chtoice'LZa 
pypenoidosa and its Mutants and Submutants Described in the Text 
The growth medium below is a second modification of the medium used by 
Meyers for gcowing Chlorella and Soenedesmus (108). The modification below 
has twice the iron [necessary for porphyrin synthesis (109)]and no boron 
[as it has been shown that Chlorella show no need for boron (110)]. 
Sd%id medium - made up in 750 ml. quantities 
Stock Solution 
1 M KNO3 
1 M MgSOif 7H2O 
1 M Ca(N03)2 
1 M KH2PO4 
1 M K2HOP4 
Iron (Fe^^-ED + A - 13% Fe) 
Trace Elements 
0.5 g. MnClz 4H2O 
0.05 g. ZnSOt 7H2O 
0.02 g. CuSOif 5H2O 
0.01 g. Na2MoO£j 2H2O 
0.04 g. C0CI2 6H2O 
3%. 
£ 
Final Solution 
(stock dilution ml/1) 
12 
10 
0 .1  
1 M KH2PO4 
1 M K2HPO4 
Medium 
9 ml. of final 
solution 
7.5 
0.075 
6.25 
0.50 
0.75 ml. 
1 
The salt and buffer solutions are filtered under slight vacuum 
(aspirator) via a sterile Millipore filter. The agar and glucose in water 
are autoclaved 30 min. at 15 lbs., then mixed with the nutrients in a 
sterile culture transfer box just prior to pouring the plates. 
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in 1 liter 
glucose 7.5 g. 
agar 7.5 g. 
water (doubly distilled) 725 ml. 
Liquid medium is prepared as above, but excluding agar.^ 
^Again, the glucose solution is autoclaved 30 min. at 15 bis. and 
added to a filtered (sterile Millipore) salt and buffer solution (pH 5.7-
5.9). 
